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This thesis presents computational studies of problems in the organic and polymer chemistry.
The state-of-the art quantum chemical methods are used to gain further insight into the
origin and the nature of the reactions in three different organic and polymer systems. The
research questions are conceptually approached by identifying the key aspects. Then an
appropriate strategy for the quantum chemical modeling is developed.
In the scope of the polymer chemistry, the novel synthesis technique of nanostructured
materials, the so-called twin polymerization, is investigated. Using three model systems
of increasing complexity the influence of the anion (trifluoroacetate) in the reaction sys-
tem is investigated. The effect of the solvent polarity as well as the effect of the entropic
contributions are also considered.
The rearrangement reaction of the volatile cyanotritylcarbenes is another topic. These
carbenes readily rearrange to ethene main products, however also small amount of the un-
expected heptafulvenes is formed. This unprecedented heptafulvene formation is modeled in
detail and the energetics is systematically evaluated to identify most reasonable rearrange-
ment pathways of the probable multiple alternative routes. Computational investigation of
other tritylcarbenes with varying spectator substituents results in sophisticated data base
for experimental investigations.
At last, some controversial observations in experimental studies concerning the kinetics
of the electrophilic alkylation of the barbiturate anion are studied. To interpret the kinetic
measurements, different alkylation pathways are analyzed with respect to their energetics.
Further, the influence of microsolvation is demonstrated.
Keywords: computational chemistry, quantum chemical modeling, twin polymerization,
counter anion, tritylcarbene, rearrangement, intermediates, barbiturate, nucleophilicity,
ambident reactivity, solvent effects, microsolvation, static quantum chemistry, DFT
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1 Introduction
This thesis describes computational studies of organic and polymer reactions, in which the
experimental investigation does not allow clear understanding of the reaction mechanism of
the involved chemical processes in particular. The state-of-the-art quantum chemical meth-
ods are used in order to investigate the reaction mechanisms of the discrete processes, to
clarify the elementary reaction steps, to evaluate the energetics and, desirably, to make pre-
dictions for further experimental work. Although the application of computational methods
is nowadays a straightforward procedure to some extent for most of the calculations, it still
requires certain strategies to be able to obtain reliable data, which is closely related to the
experiment and chemical reality in the flask. Actually, this chemical reality has to be treated
efficiently, regarding the computational cost, which means, that an appropriate model sys-
tem for the theoretical investigation has to be adopted. The reduction of the chemical reality
to a model system bears many sources of error. Some crucial key factors for quantum chem-
ical modeling are shown by examples and their significant influence on the interpretation
of the calculated data is presented. The theoretical investigation was focused on problem-
atic topics which could not be clarified by experimental means. These research topics are
conceptually approached, by identifying key positions and hence designing an appropriate
strategy for the quantum chemical modeling. Finally, the calculated data together with the
experimental findings provide a sophisticated basis to answer different open questions and
to gain a further in-depth understanding of the ongoing chemical reactions.
At the beginning of this thesis, in Chapter 2, basic quantum chemical methods are briefly
reviewed. The Schödinger equation, as well as the ideas of Hartree-Fock and the density
functional theory are presented. Further the concept of the potential energy surface is intro-
duced and explained. After this brief overview of the theoretical background, the research
topics covered by this thesis are presented in three chapters. Each of the chapters deals
independently with a particular topic of organic or polymer chemistry background.
In Chapter 3, a novel synthesis technique for nanostructured hybrid materials, the so-
called twin polymerization, is presented. Within the acid-catalyzed initiation of the organic
network formation during the polymerization process, the role of the counter anion is studied.
Starting from previous research findings and former theoretical studies, more sophisticated
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model systems with respect to the involved chemical species are introduced. Three models of
different size as to the involved molecules are studied and compared. The obtained results are
discussed with respect to the model size. The most sophisticated model system, consisting
of two monomer and two acid molecules, is further studied in detail. Finally, all results are
compared to former findings and main conclusions for the initiating process are drawn.
Chapter 4 deals with an unexpected rearrangement mechanism of the volatile tritylcar-
benes. The experimental background is overviewed and open questions are listed. Derived
from these questions, alternative routes for the rearrangement reaction are studied in or-
der to understand the rearrangement mechanism in detail and to evaluate the energetics
regarding the most probable reaction route. The rearrangement reaction on the singlet- as
well as on the triplet-state PES is considered. Once, the rearrangement route of the parent
cyanotritylcarbene system is clarified, further differently substituted tritylcarbenes are stud-
ied to trigger alternative rearrangement pathways. At the end, all findings are compared
with the experimental observations. Also various predictions and suggestions for the future
experimental investigations are provided.
Another reaction from organic chemistry, the electrophilic alkylation of barbiturate anions,
is studied in Chapter 5. The reactivity of the barbiturate anions was previously studied by
kinetic measurements. These have revealed some discrepancies related to the alkylation with
certain reference electrophiles. The theoretical investigation addresses the reactivity of the
barbiturate anions in particular. First, the alkylation reaction is studied and compared to the
experimental findings. Also the experimentally observed products are taken into account to
develop a better model for further theoretical studies. That way, proton transfer reactions
and tautomerism are modeled and their energetics are considered regarding the observed
kinetics. Also the possible ambident reactivity is addressed and studied in relation to the
previously performed experiments. Microsolvation is also considered to introduce further
sophisticated models. In such a way, additional hints on the deviating kinetics for certain
reference electrophiles and also the possibility of ambident reactivity of the barbiturate
anions are found. All in all, this computational study provides an in-depth understanding
of the investigated reactions and furthermore explains the experimental findings in detail.
All chapters include a relevant introduction to the topic. The experimental background is
described and general information as well as specific details concerning the current experi-
mental and the theoretical research on this topic are provided. Main ideas that are necessary
to deduce the explicit research questions for the theoretical investigation are presented. Fur-
ther, the methodology for the particular study and especially the key factors, that are crucial
for the quantum chemical modeling, are extensively discussed. The certain key moments of
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the methodological procedures are highlighted. These consider the quality of the theoretical
calculations in terms of their usability for the interpretation and the evaluation of the related
chemical experiments and their findings. At the end of each chapter, a detailed discussion
on the performed calculations is carried out and main findings are stated. In the conclusion
all obtained results are referred to the initially described experimental findings. Finally,
the proposed research questions are addressed and extensively discussed giving a detailed
understanding of the ongoing processes in the studied reactions.
3
2 Theoretical background
The quantum mechanics provide a fundamental approach to describe chemical issues at
the molecular level. The characteristics of a single particle can thereby be described exactly.
However, as soon as a bigger system is considered, a many-particle problem has to be solved.
To treat such systems, there are many different theoretical concepts that were developed in
the past years in the field of quantum chemistry. In order to perform quantum chemical
calculations various methods can be applied. The following sections deal with the basics
of the Hartree-Fock method as well as of the density functional theory. The concept of
the potential energy surface, as an essential tool in terms of chemical reaction modeling, is
introduced and briefly explained.
2.1 Schrödinger equation and Hartree-Fock
The main objective of static quantum chemistry is the description of the electronic structure
of atoms and molecules by solving the time-independent Schrödinger equation. The non-
relativistic time-independent Schrödinger equation establishes the basic expression for any
further theoretical consideration. The general ideas of the Hartree-Fock method are also
derived in the sections below.
2.1.1 Schrödinger equation
The general notation for the Schrödinger equation consists of the Hamiltonian Hˆ, the energy
E and the wave function Ψ, which is an eigenfunction of the Hamiltonian. Hence, the
Schrödinger equation represents an eigenvalue problem:
HˆΨ = EΨ (2.1)
Generally, the Hamiltonian Hˆ belongs to a certain system, that comprises nuclei and
electrons, whose positions are given by the corresponding vectors RA and ri. For a system
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consisting of N electrons and M nuclei the Hamiltonian is given in atomic units as:
Hˆ =−
N∑
i=1
1
2
∇2i −
M∑
A=1
1
2MA
∇2A
−
N∑
i=1
M∑
A=1
ZA
riA
+
N∑
i=1
N∑
j>i
1
rij
+
M∑
A=1
M∑
B>A
ZAZB
RAB
(2.2)
In the above equation the relative mass of the nuclei, related to the mass of one electron
me, is given by MA, the charge of the A-th nucleus is given by ZA, the distance between the
electrons (i, j) is determined by rij , the distance between an electron i and a nucleus A is
given by riA, and RAB represents the distance between two nuclei (A,B). The Laplacians
∇2i and ∇2A stand for the second derivative in terms of the coordinates of the electron i and
the nucleus A.
The kinetic energy of the electrons and of the nuclei is described by the first two terms
in eq. 2.2. The other three terms stand for the electrostatic Coulomb potential, which is
attractive for electron-nucleus interaction and repulsive for electron-electron as well as the
nucleus-nucleus interactions. These last three terms can be combined into one describing the
potential energy of the system. Hence, the Hamiltonian can be compressed to the following
expression:
Hˆ = Tˆ elec + Tˆnucl + Vˆ (2.3)
The kinetic energy for the electrons and the nuclei is given by the operators Tˆ elec and
Tˆnucl respectively, where the Vˆ operator denotes the potential energy of the system being
considered.
2.1.2 Born-Oppenheimer approximation
The Schrödinger equation can not be solved analytically for a certain system consisting of
more than two particles. For any system with a bigger number of N electrons and M nuclei
it becomes very complex. In order to simplify such a problem an approximation for any
system containing heavy and light particles is introduced.
The main idea of the so-called Born-Oppenheimer approximation derives from the great
difference between the electrons and the nuclei concerning their mass. Compared to an
electron, the mass of a nucleus is magnitudes higher, and hence the motion of the nuclei is
significantly slower. Accordingly, in the first approximation, the motion of the nuclei occurs
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in the effective potential V eff of the electrons. For this reason, the wave function for such
a system can be divided into two parts, which are the electronic Ψelec (r) and the nuclear
wave function Ψnucl (R), as shown in eq. 2.4. The position of the nuclei and the electrons is
thereby given by the vectors R and r.
Ψ = Ψelec (r,R) ·Ψnucl (R) (2.4)
The electronic wave function describes the electron motion depending on the electron
coordinates r for a given set of nuclei coordinates R. Thus the electronic wave function
Ψelec (r,R) parametrically depends on the arrangement of the nuclei.
From now on, the electronic Hamiltonian in eq. 2.5 and the electronic Schrödinger equation
2.6 within the Born-Oppenheimer approximation can be established:
Hˆelec = −
N∑
i=1
1
2
∇2i −
N∑
i=1
M∑
A=1
ZA
riA
+
N∑
i=1
N∑
j>i
1
rij
(2.5)
HˆelecΨelec (r,R) = Eelec (R) Ψelec (r,R) (2.6)
The solution of the electronic Schrödinger equation delivers the energy eigenvalues Eelec.
The total energy Etot is then given as a sum of the electronic energy and the nucleus-nucleus
repulsion (due to the fixed position of the nuclei):
Etot (R) = Eelec (R) +
M∑
A=1
M∑
B>A
ZAZB
RAB
(2.7)
All in all, by the Born-Oppenheimer approximation the motion of the nuclei is being
separated from the electron motion. This idea automatically leads to the concept of the
potential energy surface, which is described in Section 2.3.
For reasons of simplification the index elec is omitted, since only the electronic Hamiltonian
and only the electronic wave function are considered in the following, unless otherwise stated.
2.1.3 Antisymmetry, Pauli-Fermi exclusion principle, Slater determinant
In fact, the electronic Hamiltonian only depends on the space coordinates of the electrons.
To be able to completely describe the electronic system, the spin as a further property of
the electrons is needed. In terms of the non-relativistic theory two spin functions, α(ω) and
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β(ω), are introduced. Both these functions are declared to be complete and orthonormal.
Here, a single electron is not only described by three space coordinates r, but also by the
additional spin coordinate ω.
x = {r, ω}
= {x, y, z, ω}
(2.8)
The wave function of an N -electron system is then given by:
Ψ = Ψ(r1, ω1, r2, ω2, . . . , rN , ωN )
= Ψ(x1,x2, . . . ,xN )
(2.9)
However, to correctly describe an N -electron system, the N -electron wave function has to
be antisymmetric with respect to the permutation of any two electrons. This means, that
the wave function has to change its sign:
Ψ(x1, . . . ,xi, . . . ,xj , . . . ,xN ) = −Ψ(x1, . . . ,xj , . . . ,xi, . . . ,xN ) (2.10)
This so-called antisymmetry principle is a general expression of the Pauli exclusion prin-
ciple. The exact wave function may not only satisfy the Schrödiger equation, it also has to
be antisymmetric in terms of the eq. 2.10.
An orbital is defined as a one-electron wave function. A spin orbital χ(x) is introduced
in oder to correctly describe the electron. Since, r and ω are independent variables, χ(x)
is formed from a product of a space function ψi(r) and one of the spin functions α(ω) and
β(ω):
χ(x) =
 ψi(r)α(ω)ψi(r)β(ω) (2.11)
The electrons are fermions since they feature a spin of ±1/2.
As explained above, the wave function must be antisymmetric, which means that it sign
changes, if two indistinguishable particles are permuted. This requirement is satisfied by a
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Slater determinant. Hence the wave function can be rewritten as:
Ψ(x1,x2, . . . ,xN ) =
1√
N !
∣∣∣∣∣∣∣∣∣∣∣
χi(x1) χj(x1) · · · χK(x1)
χi(x2) χj(x2) · · · χK(x2)
...
...
. . .
...
χi(xN ) χj(xN ) · · · χK(xN )
∣∣∣∣∣∣∣∣∣∣∣
= |χi(x1)χj(x2) · · ·χK(xN)〉
(2.12)
In the above equation, the wave function is expressed as a Slater determinant multiplied by
the normalization factor. The second expression is written in the Bra-ket notation providing
an abbreviation used in the following.
2.1.4 Variational method
In quantum mechanics, the solution of the Schrödinger equation and the calculation of the
energy eigenstates can be performed by using the variational method which corresponds to
the general idea of the variational principle. Concerning the evaluation of the energy eigen-
states of the Schrödinger equation, the variational method states that the energy eigenvalue
for any “trial wave function” Ψ˜ is always higher or equal to the exact ground state en-
ergy E0. Hence, within the framework of the variation method, the wave function can be
approximated by minimizing the corresponding energy:
〈Ψ˜|Hˆ|Ψ˜〉
〈Ψ˜|Ψ˜〉 = E˜ ≥ E0 (2.13)
2.1.5 Energy eigenstate and the electronic Hamiltonian
The electronic Hamiltonian given in eq. 2.5 consists of three terms describing the energy of
the electron. These three terms stand for the kinetic energy of the electrons, the Coulomb-
attraction between the electrons and the nuclei as well as the electron-electron repulsion. The
first two terms are summarized in a single one-particle term hˆi. Therefore, the expectation
value of the electronic Hamiltonian for a normalized wave function Ψ is given by:
〈Ψ|Hˆ|Ψ〉 = 〈Ψ|
N∑
i=1
hˆi +
N∑
i=1
N∑
j>i
1
rij
|Ψ〉 (2.14)
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A single Slater determinant is used as a trial wave function. The complexity of the above
equation is reduced from (N !)2 to N2 by applying the Slater-Condon rules:
〈Ψ|Hˆ|Ψ〉 =
N∑
a
〈χa(x1)|hˆ1|χa(x1)〉
+
1
2
N∑
a=1
N∑
b 6=a
[
〈χa(x1)χb(x2)| 1
r12
|χa(x1)χb(x2)〉
−〈χa(x1)χb(x1)| 1
r12
|χb(x1)χa(x2)〉
]
(2.15)
The one-electron integrals are given by
〈χa|hˆ1|χa〉 =
∫
dx1χ
∗
a(x1)hˆ(1)χa(x1) (2.16)
and the two-electron integrals by:
〈χaχb|χaχb〉 =
∫
dx1
∫
dx2χ
∗
a(x1)χ
∗
b(x2)
1
r12
χa(x1)χb(x2) (2.17)
In the eq. 2.15 the last two terms are denoted as Coulomb and exchange integrals respec-
tively. The latter one is a non-classical quantity of the electron system resulting from the
antisymmetry of the wave function.
2.1.6 Fock operator and restricted Hartree-Fock equation
The variational method can be used for finding the electronic energy minimum for a certain
system. A set of spin orbitals χi has to be found, that the single determinant (see eq. 2.12)
formed from these spin orbitals is the best approximation to the ground state of the N -
electron system described by an electronic Hamiltonian Hˆ. According to the variational
method (eq. 2.13), such spin orbitals are wanted, whose minimize the electronic energy:
minE0
[{χi}] = min 〈Ψ0|Hˆ|Ψ0〉 (2.18)
The orthonormality of the orbitals has to be maintained, if eq. 2.15 is used to minimize
the energy. This is guaranteed by e.g. the method of Lagrange multipliers. Finally from the
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eq. 2.18 following general expression for the Hartree-Fock equation is obtained:hˆ1 + N∑
b=1
(
Jˆb(1)− Kˆb(1)
)
︸ ︷︷ ︸
fˆ1
χa(1) =
N∑
b=1
εbaχb(1) (2.19)
The Coulomb- and the exchange operator are denoted as Jˆb and Kˆb respectively, and they
are given by following equations:
Jˆb(1)χa(1) =
[∫
dx2 χ
∗
b(2)
1
r12
χb(2)
]
χa(1) (2.20)
Kˆb(1)χa(1) =
[∫
dx2 χ
∗
b(2)
1
r12
χa(2)
]
χb(1) (2.21)
After further transformation, the Hartee-Fock equation can be formulated as a pseudo-
eigenvalue problem:
fˆ |χi〉 = εi|χi〉 (2.22)
Considering the spin orbitals being a product of a space and a spin function (see eq. 2.11),
the spin can be integrated out leading to the restricted closed-shell Fock operator:
fˆ1 = hˆ1 +
N/2∑
b=1
(
2Jˆb(1)− Kˆb(1)
)
(2.23)
2.1.7 Roothaan-Hall equations
The so-called LCAO-MO method, introduced by C.C.J. Roothaan and G.G. Hall, expands
the molecular orbitals (MO) in terms of the atomic orbitals (AO). The molecular orbitals
ψi are described as a linear combination of atomic orbitals φµ:
ψi =
L∑
µ=1
Cµiφµ (2.24)
The energy is then minimized with respect to the coefficients Cµi. Typically, the atomic
orbitals are given by a set of Gaussian functions. In order to exactly describe the molecular
orbitals, a complete and therefore infinite set of basis functions would be necessary. However,
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in practice, the set of basis functions is limited, which leads consequently to an approximation
error.
By LCAO-MO method it is possible to apply standard procedures from the linear algebra
to solve the Hartree-Fock equation. Considering the eq. 2.24 the Hartree-Fock equation can
be expressed in the following form:
fˆ(r1)ψi(r1) = εiΨi(r1) (2.25)
fˆ(1)
L∑
ν
Cνiφν(1) = εi
L∑
ν
Cνiφν(1) (2.26)
To receive the matrix form, the above expression is multiplied by 〈φµ| from the left side
and integrated over r1.
L∑
ν
Cνi
∫
dr1φ
∗
µ(1)fˆ(1)φν(1) = εi
L∑
ν
Cνi
∫
dr1φ
∗
µ(1)φν(1) (2.27)
L∑
ν
Cνi〈φµ|fˆ(1)|φν〉 = εi
L∑
ν
Cνi〈φµ|φν〉 (2.28)
For a more compact expression the overlap matrix S and the Fock matrix F are introduced.
The corresponding matrix elements for both matrices have the following form:
Fµν =
∫
dr1φ
∗
µ(1)fˆ(1)φν(1) (2.29)
Sµν =
∫
dr1φ
∗
µ(1)φν(1) (2.30)
Applying these expressions, eq. 2.28 becomes:
L∑
ν
FµνCνi = εi
L∑
ν
SµνCνi i = 1, 2, · · · ,K (2.31)
Finally, the set of these Roothaan-Hall equations is combined into a more compact matrix
equation:
FC = SCε (2.32)
C is the matrix of the coefficients consisting of K × K Cνi-elements, and ε is the K × K
matrix of orbital energies εi.
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If the given basis set is transformed to be orthonormalized, the overlap matrix S becomes
the identity matrix, so that the Roothaan-Hall equations are transformed to the following
expression:
F′C′ = C′ε (2.33)
2.1.8 Fock matrix
The matrix representation of the Fock operator fˆ is the so-called Fock matrix F. This matrix
can be expressed for a certain basis e.g. φµ as follows:
fˆ(1) = hˆ(1) +
N/2∑
b
[
2Jˆb − Kˆb
]
(2.34)
Fµν =
∫
dr1 φ
∗
µ(1)fˆ(1)φν(1)
=
∫
dr1 φ
∗
µ(1)hˆ(1)φν(1) +
N/2∑
a
∫
dr1 φ
∗
µ(1)
[
2Jˆa(1)− Kˆa(1)
]
φν(1)
= Hcoreµν +
N/2∑
a
(2〈µν|aa〉 − 〈µa|aν〉)
(2.35)
The terms Hcoreµν relate to the elements of the nuclear Hamiltonian matrix. They are made
of integrals that contain the one-particle Hamiltonian hˆ(1), which describes the kinetic energy
and the nuclear attraction of the one-particle system.
In order to obtain the elements Hcoreµν , the integrals for the kinetic energy,
Tµν =
∫
dr1 φ
∗
µ(1)[−12∇21]φν(1) (2.36)
and the integrals for the attraction
V coreµν =
∫
dr1 φµ(1)−
∑
A
ZA
r1A
φν(1) (2.37)
must be calculated.
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The elements of the nuclear Hamiltonian matrix can be expressed as a sum of these two
contributions:
Hcoreµν = Tµν + V
core
µν (2.38)
In order to obtain the nuclear Hamiltonian matrix Hcore, the integral matrices T and
Vcore are needed for a given basis {φµ}. In contrast to the two-electron part, Hcore has to
be calculated only once, since it remains constant during the iteration procedure.
In the expression for the Fock matrix in eq. 2.35, the remaining molecular orbitals (index
a) have to be expanded in terms of the atomic orbitals (2.24).
Fµν = H
core
µν +
N/2∑
a
∑
λσ
CλaC
∗
σa
[
2〈µν|σλ〉 − 〈µλ|σν〉]
= Hcoreµν +
∑
λσ
Pλσ
[
〈µν|σλ〉 − 12〈µλ|σν〉
]
= Hcoreµν +Gµν
(2.39)
The two-electron terms of the Fock matrix are given by Gµν . Hence, the Fock matrix F
can be expressed as a sum of the one-electron term Hcore and the two-electron term G. The
two-electron termG depends thereby on the density matrix P and the two-electron integrals
which are given by:
〈µν|σλ〉 =
∫
dr1 dr2 φ
∗
µ(1)φν(1)
1
r12
φ∗σ(2)φλ(2) (2.40)
The calculation and the processing of these two-electron integrals is the most costly step
in the whole Hartree-Fock procedure due to the huge number of these terms.
The Roothaan equations are a non-linear system of equations, since the Fock matrix
depends on the coefficients C via the density matrix P, as shown in eq. 2.39. Therefore, the
whole equation can only by solved by an iterative procedure.
2.1.9 SCF method
As described above, the Fock matrix depends on the matrix of the coefficients, but these
coefficients are not known at the beginning of the calculation procedure. Hence, the equation
2.32 can only be solved using an iterative approach. Such an iterative procedure of solving
the Fock equation is called the Self-Consistent-Field method.
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The one-electron and the two-electron integrals are calculated first. An initial guess pro-
duces starting coefficients and the Fock matrix F can be constructed. Then, according to
the eq. 2.33, the transformed Fock matrix F′ is obtained, which is diagonalized to calculate
C′ and ε. From C′ the coefficient matrix C can be obtained. With these new coefficients
the whole procedure is carried out again. This cycle is repeated until the new set of the
coefficients remains self-consistent and the HF-energy is converged (Figure 2.1).
1ΗΨ=ΕΨ
Intial guess - 
set of trial
coefficients Cνi 
HF-energy 
EHF
SCF
converged?
Form Fock
matrix F
YesNo
Done
Calculate 
transfromed
Fock matrix F'
Diagonalize F'
and obtain C'
Iterate
Fig. 2.1. Main steps of the HF-SCF procedure.
As already mentioned, the calculation of the two-electron integrals is the bottleneck of the
entire procedure and it is the most time-costly step. Once the SCF procedure is converged,
the lowest Hartree-Fock energy EHF for the examined system is reached.
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2.2 Density functional theory
At the present time, the density functional theory (DFT) is the most frequently used method
for quantum chemical calculations. The DFT method is a quite beneficial procedure regard-
ing its accuracy and the required computing time, which certainly explains its wide popu-
larity among computational chemists. One of the main ideas behind this method is that the
energy of a certain electronic system can be described in terms of the electron density ρ(r).
This approach and its basics are explained bellow.
2.2.1 Electron density
The wave function itself (as given in eq. 2.9) is not an observable. However, from the physical
point of view, the square of the absolute value of the wave function can be interpreted as the
probability density of simultaneously finding an electron 1, 2, . . . , N in the volume element
dx1dx2 . . . dxN .
|Ψ(x1,x2, . . . ,xN )|2 dx1 dx2 . . . dxN (2.41)
However, since the electrons are indistinguishable, also the probability density does not
change, once any two electrons are permuted:
|Ψ(x1, . . . ,xi, . . . ,xj , . . . ,xN |2 = |Ψ(x1, . . . ,xj , . . . ,xi, . . . ,xN )|2 (2.42)
The electron density ρ(r) can be derived from the interpretation of the wave function in
terms of the probability. ρ(r) is a multiple integral over all spin coordinates ωi, as well as
over all space coordinates ri, except for one:
ρ(r) = N
∫ ∫
· · ·
∫
dω1 dx2 . . . dxN |Ψ(x1,x2 . . . ,xN |2 (2.43)
2.2.2 Hohenberg-Kohn theorems
The Thomas-Fermi model describes the energy of a molecule by considering the density
function as a basic variable. Starting from this idea, in 1964 Hohenberg and Kohn derived
a formal mathematical proof and physical motivation, which are expressed in the so-called
Hohenberg-Kohn theorems, as presented below.
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1. Hohenberg-Kohn theorem: the energy of the ground state, as well as
any other characteristics of the ground state, are explicitly determined by the
electron density.
According to Hohenberg and Kohn, the external potential Vext(r), which corresponds to
the electron-nucleus interaction in the Hamiltonian, is a definite functional of the electron
density ρ(r). Since Vext(r) determines the Hamiltonian, consequently the full many-particle
ground state is a definite functional of ρ(r). Hence, the ground state energy E0 is a sum of
the kinetic energy of the electrons T , the energy resulting from the external potential ENe
and the electron-electron interaction Eee:
E0[ρ0] = T [ρ0] + ENe[ρ0] + Eee[ρ0] (2.44)
The above expression is typically separated into those parts, that depend on the present
system, e.g the potential energy of the nuclei-electron attraction (ENe[ρ0] =
∫
ρ0(r)VNedr,
whereat VNe represents the attraction between the nuclei and the electrons), and those that
are universal in terms of their form being independent from N,RA und ZA:
E0[ρ0] =
∫
dr ρ0(r)VNe︸ ︷︷ ︸
system-dependent
+
universal, FHK [ρ0]︷ ︸︸ ︷
T [ρ0] + Eee[ρ0] (2.45)
The system-independent (universal) part of the equation 2.45 is further compressed to the
so-called Hohenberg-Kohn functional FHK [ρ0].
The 1. Hohenberg-Kohn theorem allows us to describe the molecular ground state energy
E0 as a functional of the ground state electron density. However, the exact expression for
this functional is not known.
2. Hohenberg-Kohn theorem: if there is a functional FHK [ρ] which leads to
the energy of the ground state, this functional delivers the lowest energy only if
the used density ρ corresponds to the true ground state density ρ0.
The 2. Hohenberg-Kohn theorem relates to the variational method (eq. 2.13) adopted to
the electron density (“trial electron density”) and it can be expressed as follows:
E0 ≤ E[ρ˜] = T [ρ˜] + ENe[ρ˜] + Eee[ρ˜] (2.46)
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Since the trial electron density ρ˜ determines the Hamiltonian, also the corresponding wave
function Ψ˜ is determined. The trial wave function can be applied to the Hamiltonian leading
to the following expression:
〈Ψ˜|Hˆ|Ψ˜〉 = T [ρ˜] + Vee[ρ˜] +
∫
dr ρ˜(r)Vext = E[ρ˜] ≥ E0[ρ0] = 〈Ψ0|Hˆ|Ψ0〉 (2.47)
According to the variational principle, a trial electron density can be optimized in the
same way like a trial wave function. Thus, from the variational method the ground state
energy can be calculated by applying a trial electron density.
2.2.3 Kohn-Sham equations
The Hohenberg-Kohn formalism is very general and allows the description of a system by the
electron density. Therefore, the derived Hohenberg-Kohn functional consists of the kinetic
energy of the electrons T [ρ] and the electron-electron interactions, which are the classical
Coulomb interaction J [ρ] as well as the non-classical interaction Encl[ρ]:
F [ρ] = T [ρ] + J [ρ] + Encl[ρ] (2.48)
However, only J [ρ] is easily accessible, so that the other two terms remain unknown. In
particular, the kinetic energy is hardly to be calculated from the electron density. To solve
this problem, Kohn and Sham presented their concept of a non-interacting reference system
in 1965. This reference system can be constructed from a set of orbitals in such a way, that
the main part of the kinetic energy can be calculated quite accurately. The non-classical
interaction of the electron-electron repulsion still remains unknown, but its contribution is
quite small. By this procedure, as much information as possible is calculated exactly, so
that only small contributions to the total energy have to be treated approximately.
The non-interacting reference system introduced by Kohn and Sham is similar to the
Hartree-Fock method, in which the wave function for a single particle is described by a Slater
determinant. Hence, the introduced reference system can be described by a Hamiltonian,
which contains the effective local potential VS(r):
HˆS = −1
2
N∑
i
∇2i +
N∑
i
VS(ri) (2.49)
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As already known from the Hartree-Fock method, the ground state wave function is a single
Slater determinant, which is constructed from spin orbitals. In analogy to the Hartree-Fock
equation (eq. 2.22) the one-electron Kohn-Sham equation can be formulated by introducing
the so-called one-electron Kohn-Sham orbitals ϕKSi (index KS clarifies, that these spin
orbitals are other than the one in the Hartree-Fock method):
fˆKSi ϕ
KS
i = ε
KS
i ϕ
KS
i (2.50)
The one-electron Kohn-Sham operator fˆKSi is given by:
fˆKSi = −
1
2
∇2i + VS(ri) (2.51)
The fictitious non-interacting reference system and the real interacting system of interest
are connected by choosing the effective potential VS such that the density from the summa-
tion of moduli of the squared spin orbitals {ϕi} equals the ground state density of the actual
target system:
ρS(r) = ρ0(r) =
N∑
i
∫
dω |ϕi(r, ω)|2 (2.52)
Once the Kohn-Sham orbitals are given, the kinetic energy of the reference system can be
obtained:
TS = −1
2
N∑
i
〈ϕi|∇2|ϕi〉 (2.53)
The non-interacting kinetic energy is not equal to the true kinetic energy of the interacting
system, even if the systems share the same electron density. This fact is considered in the
general expression of the functional F [ρ]:
F [ρ] = TS [ρ] + J [ρ] + EXC [ρ] (2.54)
F [ρ] = TS [ρ] + J [ρ] +
(
T [ρ]− TS [ρ]
)
+ Encl[ρ]︸ ︷︷ ︸
exchange correlation
= TS [ρ] + J [ρ] + EXC [ρ] (2.55)
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The exchange-correlation energy EXC is defined as:
EXC [ρ] ≡
(
T [ρ]− TS [ρ]
)
+
(
Eee[ρ]− J [ρ]
)
(2.56)
= Tc[ρ] + Encl[ρ] (2.57)
EXC contains all the contributions, which can not be described exactly. In particular,
these are the non-classical part of the electron-electron interaction Encl and the remaining
part of the kinetic energy Tc.
The main challenge is to ascertain a proper functional for EXC [ρ]. Nowadays, there is a
huge amount of various functionals addressing this problem and trying to solve it in the best
possible way, as explained bellow.
2.2.4 Local density approximation
The local density approximation (LDA) represents the fundamental idea, from which all
exchange-correlation functionals are derived. In this model the local density is related to the
electron density of a uniform electron gas. In such a system the electrons move on a positive
background distribution so that the electroneutrality of the whole system is maintained.
The number of electrons N and the volume of the electron gas V are considered to approach
infinity, where the electron density ρ remains finite. Hence, if N/V remains finite, while
N → ∞ and V → ∞, N/V = ρ is everywhere a constant. By considering this very
simplified model, the EXC can be estimated by the following equation:
ELDAXC [ρ] =
∫
ρ(r)εXC [ρ(r)]dr (2.58)
The exchange-correlation energy for a single particle in terms of a homogeneous electron
gas ρ(r) is given by εXC [ρ(r)]. The energy per particle is weighted by ρ(r) to guarantee that
only one electron is located at a certain position in space. The local density approximation
for EXC in eq. 2.58 can also be written as a sum of the exchange and the correlation term:
εXC [ρ(r)] = εX [ρ(r)] + εC [ρ(r)] (2.59)
The form of the exchange and the correlation functionals is either quite well known or
they can be approximated in an appropriate way. The exchange functional is given by the
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Slater approximation:
εX = −3
4
3
√
3ρ(r)
pi
(2.60)
For the correlation functional there is no explicit expression. However, on the basis of
high-level Monte-Carlo simulations various analytical expression for εC are derived. One of
the most popular LDA functionals is given by Vosko, Wilk and Nusair (VWN).[1]
In order to express the exchange-correlation energy for open-shell systems, both spin
densities have to be considered. Therefore, the electron density is expressed as a sum of
both partial contributions:
ρ(r) = ρα(r) + ρβ(r) (2.61)
The so-called local spin density approximation (LSDA) pays attention for both contribu-
tions:
ELSDAXC [ρα, ρβ] =
∫
ρ(r)εXC [ρα(r), ρβ(r)]dr (2.62)
Generally, the LDA functionals give more accurate results compared to the HF methods.
However, for systems which are not sufficiently described by LDA, e.g. the bond energies
are overestimated by this type of functionals.
2.2.5 Generalized gradient approximation
As aforementioned, the LDA does not pay attention to any inhomogeneities of the electron
gas. Therefore a further correction is introduced by considering not only the electron density
ρ(r) at a certain position r, but also the gradient of the electron density ∇ρ(r) taking the
inhomogeneity effects of the true electron density into account. The LDA is then expanded
in a Taylor series. From this idea, the generalized gradient approximation (GGA) is derived:
EGGAXC [ρα, ρβ] =
∫
f(ρα, ρβ,∇ρα,∇ρβ)dr (2.63)
In practice, the above expression is split into the exchange and the correlation term:
EGGAXC = E
GGA
X + E
GGA
C (2.64)
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The exchange term of EGGAXC can be rewritten in terms of the LDA and the gradient
contribution:
EGGAX = E
LDA
X −
∑
σ
∫
F (sσ)ρ
4/3
σ (r)dr (2.65)
The parameter sσ represents the inhomogeneity of the electron gas. Sometimes this pa-
rameter is called reduced density gradient of the spin σ.
sσ(r) =
|∇ρσ(r)|
ρ
4/3
σ (r)
(2.66)
Generally, the functional F in eq. 2.48 is fitted to the parameters given by experimental
data. The exchange and the correlation functionals are constructed in this manner. Some
common combinations of the correlation and the exchange part lead to the popular GGA
functionals, e.g. BLYP,[2, 3] BP86[2, 4] and PBE.[5]
A further, more deliberate approximation is the meta-GGA, where the Laplacian of the
electron density or the local kinetic energy density ∇2ρ is included. A common meta-GGA
functional is TPSS.[6]
2.2.6 Hybrid and double-hybrid functionals
In EXC the exchange contribution is significantly larger than the correlation part. This
exchange contribution EX can be calculated exactly by a Slater determinant, which refers
to the HF-exchange energy. The EXC can then be expressed by:
EXC = E
exact
X + E
KS
C (2.67)
However, the approximated Kohn-Sham correlation energy EKSC lacks of accuracy and
leads to an unsatisfying performance. A further improvement was presented by Becke in
1993.[7] Therefore, two borderline cases are considered, which are an interacting system and
a non-interacting system, determined by a coupling factor λ. Thus the exchange-correlation
is given by:
EXC =
∫ 1
0
Eλncldλ (2.68)
One of the approximations of the above equation is the so-called half-half-relation
(eq. 2.69), which is the combination of the exact exchange (obtained from the HF theory)
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and the density functional exchange-correlation.
EHHXC =
1
2
Eλ=0XC +
1
2
Eλ=1XC (2.69)
Related to the above idea, further improved approximations are established by introducing
additional semi-empirical parameters (based on experimental data) for a better weighting
of the particular contributions. The exchange-contribution functional, the so-called hybrid
functional, has the following general form:
EXC = E
LSDA
XC + a(E
λ=0
XC − ELSDAX ) + bEGCX + cEGCC (2.70)
The exchange energy is given by EexactX and by E
LSDA
X in terms of the LSDA. The E
GC
X
and EGCC are correction factors of the gradients for the exchange and the correlation terms
respectively. The factors a, b and c are empirical parameters.
Derived from this idea, one of the most popular hybrid-functionals is the Becke-3-
parameter-Lee-Yang-Parr (B3LYP)[3, 7] functional (eq. 2.71). Other popular hybrid GGA’s
are the PBE0[5, 8] and TPSSH[6, 9] functionals.
EB3LY PXC = E
LSDA
XC + a
(
Eλ=0XC − ELSDAX
)
+ bEB88X + +E
LSDA
C + c
(
ELY PC − ELSDAC
)
(2.71)
The hybrid functionals are advanced further by considering not only the HF-exchange but
also the correlation contribution form the perturbation theory. Such functionals are generally
called double-hybrid functionals and they consist of a GGA-term for the exchange and for
the correlation term, as well as an additional correlation term calculated by a perturbation-
theory method (e.g. second-order Møller-Plesset (MP2) perturbation theory). From a stan-
dard hybrid functional of a form
Ehybrid−GGAXC = aE
GGA
XC + (1− a)EHFX + bEGGAC (2.72)
the exchange-correlation energy is given by a double-hybrid functional of the general form:
EXC = E
hybrid−GGA
XC + (1− b)EKS−PT2C (2.73)
The Kohn-Sham orbitals from the Kohn-Sham calculation by a hybrid functional are
used as input orbitals for an MP2-calculation of the correlation contribution. Hence, long-
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range interactions, e.g. van-der-Waals interactions, are taken into account, since the non-
local dynamic correlation of the electrons is considered in eq. 2.73. Common double-hybrid
functionals are B2PLYP[10] and mPW2PLYP.[11]
2.2.7 Jacob’s ladder and dispersion correction
As previously mentioned, an explicit expression for the exchange-correlation term is not
known. Thus the related exchange-correlation functionals are constructed very differently.
In principle, there is no clear procedure how to systematically construct better functionals
and therefore systematically improve the Kohn-Sham DFT.
Considering the different ways of approximating EXC , a certain trend for the various
DFT functionals can be recognized. Perdew et al. described this development of the DFT
methods, depending on how much of the information from the electron density is used, by
the metaphor of the Jacob’s ladder .[12, 13] From this evaluation, the various DFT methods
are arranged in the corresponding order, as shown in Figure 2.2.
chemical
accuracy
Hartree
world
ρ(r)
∇ρ(r)
∇
2
ρ(r)
occupied ϕi(r')
unoccupied ϕi(r')
1. local spin density approximation (LSDA)
2. generalized gradient approximation (GGA)
3. meta-GGA
4. (meta) hybrid-GGA
5. double hybrid-GGA
e.g. BLYP, BP86, PBE
e.g. TPSS
e.g. PW6B95, B3LYP, PBE0, TPSSH
e.g. PWPB95, B2PLYP
Fig. 2.2. Jacob’s ladder of the density functional theory. The more information provided by the
electron density ρ is considered, the better the corresponding approximation in terms
of reaching the chemical accuracy. The different steps of the Jacob’s ladder and the
related functionals are given. The illustration is adopted from the metaphor introduced
by Perdew.[12, 13]
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Although the double-hybrid functionals represented by the 5th step of the Jacob’ ladder
(Figure 2.2) pay attention to the electron correlation anyway more accurately, still they
are “dispersion blind”.[14] The double-hybrid functionals consider the long-range disper-
sion effects only to some extent. These effects might become quite important, especially for
large molecules, since inter- as well as intramolecular van-der-Waals interactions are present.
Unfortunately, for example the B2PLYP and mPW2PLYP functionals strongly underesti-
mate the long-range interaction contribution (by 30− 40 %). In order to solve this problem
semi-empirical corrections, e.g. the so-called Grimme’s dispersion correction,[15, 16] can be
introduced.
This dispersion correction (D) is designed as an add-on, so that the total energy calculated
by any DFT-functional is given by:
EDFT−D = EKS−DFT + Edisp (2.74)
The empirical dispersion correction Edisp is obtained by the following equation:
Edisp = −s6
Nat−1∑
i=1
Nat∑
j=i+1
Cij6
Rij6
fdmp(R
ij) (2.75)
In the above expression, the number of the atoms is given by Nat, C
ij
6 are the dispersion
coefficients of the atom pair ij, s6 is a scaling factor, the distance between the atoms i and
j is given by Rij6 , and fdmp(R
ij) is a damping function, which avoids a double counting of
the correlation effects.
The recent version of the dispersion correction, i.e. D3,[14, 17] incorporates an additional
three-body term taking the interactions between three atoms (triple dipol) into account,
since they differ from the contributions of atom pairs. Hence, the dispersion contribution in
eq. 2.74 is expressed as a sum of two- and three-body energies:
Edisp = E
(2) + E(3) (2.76)
Besides the two-body coefficients CAB6 , also the CABC9 are considered. The most important
two-body term is given by the following equation:
E
(2)
disp =
∑
AB
∑
n=6,8,10,...
sn
CABn
RABn
fdmp,n(R
AB) (2.77)
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Compared to the first version of Grimme’s dispersion correction, the new potential leads to
a less binding character for short ranges and to a stronger binding for typical van-der-Waals
distances.
In 2011 Goerigk and Grimme extensively evaluated various DFT functionals on the basis
of the GMTKN30 test set.[18] Three main issues with respect to quantum chemical modeling
are considered by the GMTKN30 test set. These issues are:
• the general properties, e.g. the atomization energies, the electron affinities and the
ionization potentials,
• the reaction energies, e.g. for isomerizations and for Diels-Alder reactions, and
• the non-covalent interactions, as e.g. in case of water clusters, conformational energies,
and inter- as well as intramolecular dispersion interactions.
For the evaluation of the calculated data with respect to the performance and the accuracy
of a certain D3-corrected DFT functional some general recommendations are concluded.
Surprisingly, the common B3LYP functional is not universally applicable giving unsat-
isfying results for the reaction energies in particular.[18] As the most robust and very ac-
curate general purpose hybrid-functional, the Zhao and Truhlar’s PW6B95[19] functional
(with D3[14, 17]) is recommended.[18] Further, other functionals are recommended for some
specific purposes. For electrophilic substitution reactions, meta-GGA functionals (with D)
often overestimate the energies. Significantly better results are obtained by double-hybrid
functionals.[20] For organic isomerization reactions the PBE0 hybrid functional outperforms
B3LYP and the meta-GGA TPSS is better than PBE (all used with D).[21] However, the
PW6B95, which is a meta-hybrid GGA, performs almost as good as double-hybrids. The
use of double hybrids (with D) is generally recommended for isomerizations.[21]
In conclusion, choosing the right functional for a certain chemical application in order to
obtain accurate data is always a challenging task. The evaluation of the DFT functionals and
their recommendation for specific chemical systems is an important and permanent research
issue.[22–38] While performing a quantum chemical investigation, a computational chemist
should always keep these recommendations in mind.
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2.3 Concept of the potential energy surface
The Born-Oppenheimer approximation, which involves the separation of the electronic and
the nuclear motions, leads automatically to the concept of the potential energy surface (PES).
This concept is one of main subjects in Computational Chemistry. The connection between
the energy of a certain system and the corresponding geometrical arrangement of the nuclei
is established by the concept of the PES. The main target of the PES analysis is the local-
ization of the so-called stationary points. Relating to chemical reactions, the central goal
is the evaluation of the stationary points in terms of minima and transition states, and the
consequent calculation of the corresponding reaction and activation energies.
2.3.1 Potential energy surface
The potential energy surface directly results from the Born-Oppenheimer approximation
(eq. 2.7). The motion of the nuclei occurs on the potential energy surface V effn (R). Such
a system is described by nuclear Schrödinger equation where the kinetic energy operator of
the nuclei is given by Tˆnucl, the nuclear wave function is represented by χnucln,m and R fixes
the position of the nuclei:(
Tˆnucl + V effn (R)
)
χnucln,m (R) = En,mχ
nucl
n,m (R) (2.78)
The effective potential V effn (R) results from the solution of the electronic Schrödinger
equation (eq. 2.6) plus the nucleus-nucleus repulsion:
V effn (R) = E
elec
n (R) +
M∑
A=1
M∑
B>A
ZAZB
RAB
(2.79)
Once the electronic Schrödinger equation has been solved for several nuclear geometries
(and electronic states), the potential energy surface is known. The graphical representation
of the change in the energy E versus the position of the nuclei R leads to the corresponding
graph for the PES. The energy is a function of the position of the nuclei, which is generally
related to the geometrical parameters (qi) describing a certain molecular system.
For a diatomic molecule the energy is a function of only one geometrical parameter (E(q1)).
Here, the bond length between the two atoms is given by the parameter q1. The function
E(q1) is represented by a simple graph. This simplest case of a diatomic molecule can
further be expanded to polyatomic molecules, where E can be considered as a function of
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e.g. two different geometrical parameters. In that case, the graphical representation of the
PES corresponds to a three-dimensional object as illustrated in Figure 2.3.
In general, such an energy function depending on multiple geometrical parameters is called
potential energy hypersurface and is given by:
E = E(q1, q2, q3, . . . , qn) (2.80)
Although a PES related to more than three parameters can hardly be illustrated in a single
graph, it is possible to choose two- or three-dimensional representations. Therefore, “slices”
depending only on one or two geometrical parameters are taken from a multi-dimensional
PES.
E
q1
q2
Δ
E(q1,q2)
Fig. 2.3. Three-dimensional PES where the energy E is a function of two geometrical parameters.
By considering the PES of a certain chemical system, it is common to relate the zero
baseline of the diagram to the educts. This is convenient for further evaluation of the
chemical system in terms of the reaction energies and the activation barriers.
2.3.2 Stationary points
The PES is a useful tool for establishing a visual relationship between the molecular geome-
try and the corresponding energy of the molecular system. Further, referring to the graphical
representation of the PES, the typical functionality of quantum chemical programs can be
explained, i.e. the localization procedure of the distinguished points. In terms of chemical
reactions, the connection between different minimum structures via the corresponding tran-
sition states is the main issue of interest. The specific characteristic points can be identified
on the PES, as shown in Figure 2.4.
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For a simple chemical reaction, at least three points on the PES are of particular interest:
the educts, the products and the corresponding transition state. All these three distinguished
points are the so-called stationary points. The path connecting the educts and the products
is called reaction coordinate. The progress of a chemical reaction related to the specific
educts and the resulting products is generally described by the reaction coordinate.
saddle-
like region
minimum
possible
stationary
points
E
q1
q2
Δ
E(q1,q2)
Fig. 2.4. Possible stationary points on the three-dimensional PES.
Mathematically, a stationary point is a point on the graph, where the first derivatives
of the energy with respect to the geometrical parameters (so-called gradient) become zero.
All stationary points of minimum energy within an infinitesimal vicinity are called realtive
(or local) minima. The lowest energy pathway connecting two minima is denoted as the
intrinsic reaction coordinate (IRC). This is the reaction pathway leading from one to another
minimum, in case that the activation barrier is just surmounted. The reaction pathway must
not necessarily follow the IRC if more energy is provided.
The transition state related to the reaction pathway between two minima is a maximum
alongside the IRC, but at the same time it is a minimum regarding all other geometrical
parameters. This leads to a specific saddle-like shape of the graph on the PES locating the
so-called saddle-point of the first order (Figure 2.5). Such a saddle point is a stationary
point on the PES.
Although the minima and the saddle-points are stationary points where the gradient is
zero, these both distinguished points differ from each other. While for the minima the en-
ergy is minimal for all directions, the saddle-point of first order provides a maximum in
one direction, which is the intrinsic reaction coordinate. Therefore both types of stationary
points can mathematically be distinguished by considering the second derivatives with re-
spect to all geometrical parameters. The second derivatives are summarized in the so-called
Hessian matrix. For a minimum, all second derivatives are positive leading to solely posi-
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saddle-
like PES
E(q1,q2)
Fig. 2.5. Saddle-like region on the PES and the corresponding first-order saddle point.
tive eigenvalues of the Hessian. For a saddle-point of the first order, which corresponds to
the transition state structure, only the second derivative of the energy with respect to the
reaction coordinate is negative resulting in one negative eigenvalue of the Hessian.
In some cases, also other distinguished points, where the second derivative may become
negative with respect to more than one coordinate, can be found on the PES. Such points
are called saddle-points of higher order and sometimes they are denoted as hilltops.
For most reactions it is sufficient to consider the first-order saddle-points. However, there
are also systems, that do not correspond to the idea of the transition state as a distinct
maximum alongside the IRC. Some reactions proceed over plateau regions, which are broad
regions of nearly same energy, where it is not possible to distinguish a favored structure from
a variety of different molecular geometries.
2.3.3 Geometry optimization
The localization of stationary points on the PES is called geometry optimization. The station-
ary points of interest are the minima and the saddle-points (of first order). The localization
of minima is often referred to the energy minimization and the localization of transition
states is denoted as the transition-state optimization.
The geometry optimization starts with an input structure featuring an initial geometry
as close as possible to the expected stationary point structure. Starting from this initial
guess, the molecular structure is systematically modified by an algorithm until a stationary
point is reached. The curvature of the graph at the stationary point is analyzed in order
to identify the corresponding geometry as a minimum or as a transition-state structure.
Nowadays, the initial geometry (the input structure) is usually generated by interactive
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graphical software similar to a chemical model kit. The geometry-optimization procedure
delivers the stationary point next to the initial input structure (Figure 2.6).
q
E
Δ
n-optimization
steps
A
B
Aguess
Bguess
Cguess
TS
ΔE‡
ΔE
Fig. 2.6. Principle geometry-optimization procedure and the related quantities of interest (∆E and
∆E‡).
The so-called Newton-Raphson method is one of the basic optimization methods. In this
technique for a certain point q0 with known energy E(q0), the gradient g and the Hessian
H, a Taylor series are expanded up to the second order:
E(q) ≈ E(q0) + gt(q− q0) + 12(q− q0)tH(q− q0) (2.81)
If the first derivatives of E(q) are set to zero, the following equation delivering a new set
of coordinates q can be derived:
q = −H−1g + q0 (2.82)
However, the expression for E(q) usually features also higher-order terms compared to
eq. 2.81. Hence, the Newton-Raphson method is a stepwise optimization (iterative) to
a stationary point, which is reached once the obtained energy related to a certain set of
coordinates is converged.
By definition, all eigenvalues of the Hessian are positive for a minimum. If there is one
negative eigenvalue, the optimization leads to a saddle-point of first order. In general, the
optimization by the Newton-Raphson method always proceeds towards the next stationary
point without paying attention whether it is a minimum or a saddle-point.
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The Newton-Raphson method requires the calculation of the whole Hessian matrix, which
has to be saved and diagonalized initially, and updated in every step of the optimization. In
terms of the computing resources the calculation of the Hessian is a very costly procedure
and it might require a lot of time if a huge number of variables is given.
2.3.4 Normal modes and zero-point vibrational energy
The obtained stationary points are usually characterized by calculating the vibrational spec-
tra. Hence, the corresponding normal modes have to be obtained, which consequently leads
to the related IR-spectrum in the harmonic approximation. In contrast, real spectra might
exhibit different bands, which result from several factors, e.g. the interaction between the
single normal modes and the anharmonicity of the real system.
A diatomic molecule is considered in a simplified macroscopic model. In such a model a
molecular system consisting of two atoms is regarded as two mass points that are connected
by a spring representing the chemical bond of the molecular system (Figure 2.7). As already
mentioned, once the geometrical arrangement of these two mass points is changed, also
the potential energy of this model system changes. Starting from an equilibrium geometry
(qeq, E0), any change of this arrangement (q 6= qeq) is leading consequently to a rising energy
(E > E0). The change of the energy is then represented with respect to the varying bond
length or any other geometrical parameter qi. This delivers a two-dimensional graph for the
PES. In general, such a PES is obtained by the so-called relaxed scan, where the change of
the energy due to the variation of a single geometrical parameter is observed.
q > qeqqeqq < qeq
E0E > E0 E > E0
Fig. 2.7. Macroscopic model of a diatomic molecule represented by mass points (atoms) connected
by a spring (chemical bond). Any change of the equilibrium geometry (qeq) leads to the
rise of the energy (E > E0) of the system.
In fact, molecules behave quite similar to the above model, but two essential differences
must be kept in mind. First, relating to the model of the harmonic oscillator, the energy of
the molecule in the equilibrium geometry differs from zero. Some small contribution to the
kinetic energy originating from the molecular vibrations is always present. This contribution
is often called zero-point vibrational energy. Another essential difference is that the above
model is described by a quadratic function so far. This is a quite good approximation in
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the vicinity of the equilibrium structure and a description by the harmonic oscillator model
is possible. However, once this structure is strongly modified and clearly differs from the
equilibrium structure, also the graph of the PES significantly differs from the shape of the
quadratic function (Figure 2.8). This anharmonic behavior for a diatomic molecule can be
described by e.g. the Lennard-Jones potential, which includes terms for the attractive and
the repulsive forces. This leads to the typical shape of a dissociation curve for a diatomic
molecule, as shown in Figure 2.8.
q
E
Δ
vibrational
modes
quadratic
function
Lennard-
Jones
potential
qeq
Fig. 2.8. Anharmonic Lennard-Jones potential for a diatomic molecule. In the region close to the
equilibrium geometry qeq the PES is sufficiently described by a quadratic function.
The normal modes result from the harmonic oscillator model. The motion of a single atom
in an N -atomic molecule can be described by three vectors related to the three Cartesian
space coordinates. The resulting 3N degrees of freedom belong to three translational, three
rotational and hence 3N−6 different vibrational modes. However, for a linear molecule only
3N − 5 normal modes remain, since three vectors for the translation and only two vectors
for the rotation are subtracted.
For a diatomic molecule, the frequency of a normal mode is calculated by the following
equation:
ν =
1
2pi
√
εi (2.83)
The normal modes of a molecule can be obtained, due to the fact that the frequency
depends on the related force constant. The eigenvalues εi of the mass-weighted Hessian
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relate to the force constant of the corresponding normal mode. Hence, the normal modes
are obtained once the Hessian is calculated.
For a minimum, all eigenvalues of the Hessian have to be positive, so that all the frequencies
are real. For a transition state, which corresponds to a saddle-point of first order, the
PES declines alongside the IRC (to the left and to the right related to the position of the
saddle-point), so that the corresponding eigenvalue becomes negative. Thus, according to
the eq. 2.83 an imaginary vibrational frequency is obtained for the transition state. The
vibrational mode featuring one imaginary frequency corresponds to the motion along the
intrinsic reaction coordinate. All in all, a transition state can be characterized if, first, one
imaginary frequency is present, and, second, the corresponding energy is higher than the
one of the educts and the products (see Figure 2.6). Generally, a saddle-point of the n-th
order features n imaginary frequencies.
q
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Δ
Fig. 2.9. Graph of the PES with and without the ZPVE.
In summary, the stationary points are characterized by analyzing the Hessian. At the
same time the IR spectra can be calculated and the zero-point vibrational energies (ZPVE)
can be obtained. The calculation of the ZPVE should generally be performed at the same
level of theory and with same basis set like for the energy calculation of the corresponding
stationary point. The ZPVE is necessary in order to correct the obtained SCF-energies of
the stationary points (Figure 2.9).
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3 Building suitable models – Quantum chemical
investigation of the counter anion in the
acid-catalyzed twin polymerization of spiro
monomer
All research results presented in this chapter have been obtained solely by the author of
this PhD thesis under the guidance of Jun.-Prof. Dr. Joachim Friedrich. The theoreti-
cal research issues presented in this chapter have already been published under the title
“Quantum chemical investigation of the counter anion in the acid-catalyzed initiation of
2,2’-spirobi[4H-1,3,2-benzodioxasiline] polymerization”.[39, 40]
3.1 Introduction
Quantum chemical modeling is a neat way to gain a deep insight into even complex re-
active systems such as polymerization reactions. According to IUPAC, a polymerization
reaction can be defined as “the process of converting a monomer mixture of monomers into
a polymer”.[41] On the first look and in a very simplified manner this means, that such
a reaction system consists almost only of the involved monomer molecules and some few
further reagents, which might be required to initiate the polymerization. Of course, this
very reduced view already becomes more complex, as soon as solvent molecules are also
considered. For a computational chemist, who formulates a certain research question for
theoretical modeling, it is an extraordinary challenging issue to build a proper model in
close contact with the experimental setting and the chemical reality (Figure 3.1). On the
one hand, a suitable model should contain all the essential components. On the other hand,
it should be kept practically small in order to enable an efficient computational investigation.
Choosing the essential components from a chemical system for incorporation in a simplified
theoretical model is a huge challenge. Especially, the evaluation of all system components
regarding their role in a certain chemical reaction as reactants or as “spectators” (which
are not necessarily involved in the mechanistic sequence) is a crucial issue, which strongly
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influences the results and the interpretations of the calculated data. The necessary reduc-
tion of the complexity hides numerous sources of error. Therefore, different models for one
and the same issue should be introduced, compared with each other and evaluated regard-
ing essential settings, such as incorporation of solvent molecules or counter anions, which
can be directly involved in proton transfer reactions especially in polymerization processes.
The fact, that quantum chemistry provides a detailed look on the hazy chemical reality
by analyzing elementary reaction steps, opens a chance to also macroscopically understand
the occurring processes. However, to avoid misinterpretation the correct energetics of the
involved elementary steps, which certainly depend on the model, are essential. Regarding
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Fig. 3.1. Choosing the essential components from a chemical system for a simplified model capable
for a cost-efficient quantum chemical modeling is a very challenging task. The evaluation
of all system components regarding their role in the certain chemical reaction as “reac-
tants” or as “spectators” is a crucial issue, which strongly influences the results and the
interpretations of the calculated results.
their broad applicability, the quantum chemical methods are a useful tool, which also gained
a lot of interest in terms of the strategic development of new materials and subsequently the
need of sophisticated data base for an in-depth understanding. An interesting example for
the deliberate use is the ongoing research in the framework of the development of nanostruc-
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tured hybrid materials through the new and unique polymerization technique, the so-called
twin polymerization,[42–46] which was introduced in the last years.
At the present moment, a lot of progress is done in the synthesis of new hybrid materi-
als,[47–55] as there is a huge interest in nanostructured materials such as porous oxides or
polymer networks due to their beneficial physical properties for certain applications like e.g.
molecular sieves, adsorption media for gas storage and in catalysis.[56–65] Regarding the dif-
ferent synthesis techniques, the major task for synthesis of hybrid materials is to bring two
components together on a molecular level in order to obtain an interweaved nanoporous hy-
brid structure, though the phase separation during the structure formation has to be avoided.
A key to solve this problem is provided by a monomer containing two different polymeriz-
able groups.[66–69] Mechanistically, the polymerization process of such monomers, classified
as heterobifunctional monomers, can be carried out either simultaneously or consecutively,
since polymerizable groups undergo independent reactions.
An alternative technique, the twin polymerization (TP), is based on the same idea that one
monomer contains two polymerizable groups. However, the polymerization mechanisms here
is supposed to be totally different from the polymerization of heterobifunctional monomeres,
due to the unique molecular structure of so-called twin monomers. Through TP, which is
based on a single monomer, a nanocomposite is formed in a single step.[42–46] In contrast to
the former process, TP does not require a monomer containing two separate different groups
(which are capable for polymerization), but the use of twin monomer, i.e. a monomer that
consists of differently polymerizable organic and inorganic components. The nature of this
synthesis is quite notable, since the nanocomposite is obtained in one single step from such
a twin monomer, because the organic (polymer) and inorganic (e.g. silicic oxide) network
formation appear in one simultaneous process (Figure 3.2).
O
O
Si
O
O
n
OH
2n
SiO2 
n
+H
a
Fig. 3.2. General reaction equation for the acid-catalyzed twin polymerization of spiro twin
monomer (a) leading to SiO2 network and phenolic resin.
Numerous studies have been carried out in the last years in the field of twin polymerization,
which was found to be applicable to a wide range of different monomers enabling novel
approaches to the generation of new materials.[49, 50,52,70–80] In order to develop strategies
for systematic creation and modification of new materials, an in-depth understanding of the
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reaction mechanism and structure formation processes is still necessary. Although the twin
polymerization process can be schematically reduced to a very simple reaction equation
for the acid-catalyzed TP (Figure 3.2), its overall complexity makes it very difficult to
get a detailed understanding of the elementary reaction mechanism by experimental means
only. Hence, first quantum chemical calculations have been utilized leading to a proton
catalyzed model,[45, 81] which considers a single proton to act as a catalyst in the acid-
catalyzed TP (see Figure 3.2). This first model paid attention to the specific structure of
the twin monomer containing bridging units of different stability between the organic and
the inorganic components (Figure 3.3). This different stability leads to different reaction
O
Si
O
O
O
a
O-CH2 bridge
O-bridge
labile bond
Fig. 3.3. The spiro twin monomer (a) features two bridging units of different stabilities. From
previous research the O−CH2 bond is supposed to be more labile.
rates of the organic and inorganic network formation and to their interweaved structure, as
the decoupling of both networks occurs as one of the last reaction steps.
These ab initio results have been utilized to establish an appropriate reactive molecular
dynamics simulation model, based on the reactive force field ReaxFF,[82] for twin polymer-
ization.[83] This approach is capable to simulate at an atomic level the complete structure
formation process of the twin polymerization. However, a sophisticated data base on ba-
sic reaction steps is necessary. Although quantum chemical calculations were already per-
formed for small systems, the observed results diverged from experimental findings due to
the strongly simplified model.[45, 81] In order to model more realistic systems not only a
single proton but the complete acid molecule should be incorporated (see the illustration
in Figure 3.1). The reason for that is that an effective acid molecule represents the acidity
of the chemical environment closely, which is not the case for a single proton in gas phase,
since its acidity is too strong. Then, the size of a counter anion of a simple organic acid like
trifluoroacetic acid (TFA) is comparable to the size of the organic and inorganic structure
units of a twin monomer. Therefore, sterical effects will have an effect on the elementary
reactions of the polymerization. In contrast, a single proton hardly has any size effect, which
results in a simplified potential energy surface. Thus, quite a difference between a reaction
catalyzed by a (single) proton and a reaction catalyzed by an acid is expected.
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Fig. 3.4. Initiating processes of the twin polymerization of 2,2’-spirobi[4H-1,3,2-benzodioxasiline]
(a) catalyzed by an acid (TFA). 1© acid-catalyzed ring-opening to an electrophile (b).
2© electrophilic substitution of (a) and (b) to the product (c) (i.e. phenolic resin chain
propagation).
From the considerations above, the proton catalyzed model[45, 81] was extended by in-
troducing an acid, as it is employed in experiments. Basic reaction steps of TP for the
twin monomer 2,2’-spirobi[4H-1,3,2-benzodioxasiline] (a) considering the presence of the
acid (TFA) are derived from literature,[81] as summarized in Figure 3.4. These reaction
steps can be described as follows:
• The twin monomer a is activated by a proton originating from the acid ( 1©).
• By the successive ring-opening reaction an electrophile b is formed, which undergoes
an electrophilic substitution with another twin monomer to product c ( 2©).
• In case of a consecutive chemical reaction, this process can be seen as a phenolic resin
chain propagation.
The theoretical investigation focuses on the ring-opening reaction and the electrophilic
substitution taking the presence of the anion into account, which can undergo further re-
actions with the ring-opening product. However, the anion is also potentially capable to
participate in the electrophilic substitution.[84] Provided that, the acid structure will be
restored by the formation of the electrophilic substitution products, another proton is avail-
able to further propagate the TP (Figure 3.4). As the counter anion may not only affect
the ring-opening reaction, but also the electrophilic substitution, its influence is examined
in detail, too.
38
3 Building suitable models – Acid-catalyzed twin polymerization
3.2 Computational details
The quantum chemical investigation is performed using the TURBOMOLE 6.5 program
package.[85] All calculations are performed using the density functional theory (DFT). The
reactions are investigated in detail by analysis of the potential energy surface (PES). The
PES is scanned along the relevant reaction coordinates shown in Figure 3.5. Due to a very
high number of the required calculations while scanning the PES, the efficient BP86[1, 2, 4, 86]
functional with the latest version of Grimme’s dispersion correction (D3[14, 17]) and SVP[87, 88]
basis is used. Solvent effects are considered by the COSMO[89] solvation model. Stationary
points are characterized by analyzing the Hessian.[90] Using the geometry-optimized struc-
tures more accurate single-point energies are obtained with the PW6B95[19] functional using
the D3 correction, the def2-TZVPP[88, 91] basis set and COSMO with different polarity values
for the solvent environment (ε = 0, 1, 5, 10, 50,∞). The freeh module is used to compute
the Gibbs free energy.
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Fig. 3.5. Relevant reaction coordinates for the investigation of the particular reaction steps of the
twin polymerization initiation process. i) and ii) refer to the ring-opening reaction, where
iii) and iv) refer to the electrophilic substitution. Atom distances (Rx), angles (Ax), or
dihedral angles (Dx) are defined as reaction coordinates.
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3.3 Results and discussion
3.3.1 Investigation setting
The results of the quantum chemical calculations are structured as follows. As indicated
in Figure 3.4, two major processes of TP - the ring-opening reaction and the electrophilic
substitution - are studied in detail. Therefore, three model systems are defined to be an-
alyzed with the objective to identify and to describe the role of the counter anion. First,
a very simple system consisting of only one twin monomer molecule and one acid molecule
is introduced. Second, one further twin monomer molecule is added to this system paying
attention to possible interactions between the two monomer molecules and its influence on
the reaction mechanism. Finally, the model system with two monomer molecules is further
extended by a second acid molecule in consideration of the interaction with the counter anion
resulting from the first acid molecule. These three systems are denominated as follows:
• one twin monomer + one TFA molecule → 1M1T,
• two twin monomers + one TFA molecule → 2M1T, and
• two twin monomers + two TFA molecules → 2M2T.
Due to the performed theoretical investigation a detailed reaction scheme can be estab-
lished for these three model systems as represented in Figure 3.6.
First, the acid-catalyzed ring-opening reaction of one twin monomer (system 1M1T) is
examined in detail. Considering the presence of the counter anion, its influence and possible
interaction with the electrophile (i.e. side-reactions) are investigated. Next, an extended
model with two twin monomer molecules is analyzed (system 2M1T). Further, two monomer
molecules and two acid molecules are considered in the reaction system (system 2M2T) in
order to gain insights into the carboxylate anion’s influence on principle reactions of the TP.
Finally, for the model systems 2M1T and 2M2T the subsequent electrophilic substitution
is extensively studied. A simple system consisting of one monomer, one electrophile and
one TFA molecule, and an extended system with one additional TFA molecule are modeled
(Figure 3.6: system 2M1T and system 2M2T). For the sophisticated model system 2M2T the
reaction mechanism is analyzed more closely considering the electrophilic substitution at the
ortho- as well as at the para-position. At the end, all findings about the reaction mechanism
and energetics for the setting related to the experiment (εCH2Cl2 = 8.93; εTFA = 8.55;
T = 25 ◦C or 85 ◦C[45, 81]) are presented in summary and major conclusions for further
structure formation modeling are drawn.
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3.3.2 Acid-catalyzed ring-opening of a twin monomer and further reactions
The experimentally well established twin monomer 2,2’-spirobi[4H-1,3,2-benzodioxasiline]
(a) features two different bridging units, that can be attacked by a proton of an acid (as
shown in Figure 3.3). This general idea is implemented and upgraded by introducing the
trifluoroacetate counter anion, which represents a TFA molecule, if a proton is also present
(Figure 3.7). Former research findings established different stabilities for the two different
TFA
protonation of the
labile O-CH2 bond
O
O
F F
F
H
O
Si
O
O
O
a
Fig. 3.7. Twin monomer 2,2’-spirobi[4H-1,3,2-benzodioxasiline] (a) featuring two different bridging
units. The O−CH2 bridge is more likely to be attacked by the proton of the trifluoroacetic
acid (TFA).
bridging units of the spiro twin monomer. From the previous theoretical studies by Auer et
al. it is known, that the O−CH2 bridge cleaves significantly easier compared to the direct
O-bridge at the Si-center.[81] The resulting species is relatively stable, due to a resonance-
stabilized benzyl carbocation unit. This cationic species is capable to further react in a
successive electrophilic substitution. With the aim of studying the ring-opening reaction,
the O−CH2 bond cleavage catalyzed by an acid is investigated, as depicted in Figure 3.6.
The role of a present counter anion is thereby evaluated.
In the simple model system 1M1T (Figure 3.6), the monomer is activated for a ring-opening
reaction at the O−CH2 bond by the formation of a hydrogen bond with trifluoroacetic acid.
Thus, the cleavage of the O−CH2 bridge is enabled. However, from the analysis of the
PES, as shown in Figure 3.8, it is evident that this process does not lead to the expected
electrophile 2 (see Figure 3.6) but the emerging electrophilic species forms an adduct 5
with the carboxylate anion. Nonetheless, a further continuous reaction pathway related to
the adduct 5 can be recognized from the PES analysis (Figure 3.8). The structure of the
transition state 1-TS-5 indicates that not only the coordinates R1 and R2 determine the
reaction pathway, but also the dihedral angles D1 and D2 (see Figure 3.5) can be used to
describe the interaction between the activated twin monomer and the counter anion.
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Fig. 3.8. PES for the ring-opening reaction of one twin monomer with one acid molecule (system
1M1T). The cleavage of the O−CH2 bridge (R1) of an activated monomer 1 leads to an
adduct with the carboxylate anion (5) via transition state 1-TS-5. A further continuous
reaction pathway can be recognized as indicated by 5-TS, that is determined by the
reaction coordinates R2 and the dihedral angle D2. (BP86-D3/SVP/COSMO ε =∞)
Using these two dihedral angles a further reaction pathway from 5 via the structure 5-
TS (Figure 3.8) can be analyzed (Figure 3.9). A rotation around the dihedral angle D2
determines a distance between carbonyl group of TFA and the CH2-fragment from O−CH2
bridge (R2). Turning the carbonyl group of TFA away and increasing the R2 distance
should lead to an electrophilic species. As shown in Figure 3.9 such an electrophilic species
2* is also found. Depending on dihedral angle D1, which determines the orientation of the
electrophilic moiety (−CH2⊕), further species with electrophilic character (2’) or adducts
with carboxylate anion (5’) are found (Figure 3.9). The electrophile 2* relates to the cleavage
of another activated monomer 1*, which differs from 1 by the geometrical orientation of the
acid molecule to the O−CH2 bridge of the monomer.
The ring-opening of 1* to give the electrophile 2* is realized in the same manner as the
ring-opening of 1. However, due to the reverse orientation of the TFA molecule no adducts
are formed. As shown in Figure 3.10 the O−CH2 bridge is activated by the TFA proton,
which is held by the coordinate R3. The activated monomer is then cleaved to the identified
electrophile 2*, where the anionic carboxylate and the cationic (−CH2⊕) fragment remain
separated.
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Fig. 3.9. PES for the formation of different electrophiles (2*/2’) from the electrophile-carboxylate
adduct (5) determined by the orientation of the carboxylate anion (D1 and D2) and the
emerging cationic fragment resulting from the O−CH2 bridge cleavage (system 1M1T).
Rotation around D2 leads to an electrophile 2* via the transition state 5-TS-2*, which
can further rearrange to an alternative electrophilic species 2’ via 2*-TS-2. (BP86-
D3/SVP/COSMO ε =∞)
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Fig. 3.10. PES for the ring-opening reaction (determined by R1) of one twin monomer with one
acid molecule (system 1M1T) with respect to another orientation of the acid molecule
to the activated twin monomer (1*). The monomer is activated by forming a hydrogen
bond with the proton of TFA (determined by R3). The cleavage of O−CH2 bridge of 1*
leads to an electrophile 2* via 1*-TS-2*. (BP86-D3/SVP/COSMO ε =∞)
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Alternatively to the ring-opening of 1* another reaction pathway can be found (Fig-
ure 3.11), which opens the possibility for further fragmentation of the twin monomer molecule
(Figure 3.12). The oxygen atom of the carbonyl group of TFA (which does not form a hydro-
gen bond with the activated twin monomer) is capable to interact with the Si-center of the
monomer, which is described by the reaction coordinate R4. Hence, an intermediate species
6 is formed. This rather labile species features a Si-center with a coordination number of 5,
in which the bond between the Si atom and the carbonyl oxygen is stretched (1.78 Å). The
cleavage of the O−CH2 bridge characterized by R1 leads to another electrophilic intermedi-
ate 7, also featuring a 5-coordinated Si center and a widened Si−OTFA bond (1.95 Å). By
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Fig. 3.11. PES for the ring-opening reaction (determined by R1) of one twin monomer with one
acid molecule (system 1M1T) with respect to an alternative orientation of the acid
molecule to the activated twin monomer (1*). The cleavage of the O−CH2 bridge of
1* leads to an electrophile 2* via 1*-TS-2*. However an alternative reaction pathway
can be recognized, where the carbonyl group of TFA interacts with the Si-center of the
twin monomer (determined by R4). The species 6 and 7 occur via the corresponding
transition states. (BP86-D3/SVP/COSMO ε =∞)
introducing a further reaction coordinate R5, which represents the bond between the silicon
atom center and the direct O-bridge, further bond cleavage process within the twin monomer
can be modeled. Subsequent fragmentation of 7 leads to an ortho-quinone methide species
(8) and a monomer fragment retaining a four-coordinated Si-center (Figure 3.12).
Considering the further process of the resin network formation in general, major species
being potential electrophiles can be identified as reactants for the electrophilic substitution
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Fig. 3.12. PES for the fragmentation of the twin monomer to the ortho-quinone methide (8) via
the intermediates 6 and 7. Species 8 is formed by the cleavage of the O−CH2 bridge
(determined by R1) and the subsequent cleavage of the O-bridge (determined by R5) as
shown by the corresponding transition state 7-TS-8. (BP86-D3/SVP/COSMO ε =∞)
with other twin monomer molecules, as shown in Figure 3.13. (The energies in this scheme
are in kJ mol−1 including the ZPVE and species 1 is set to zero. The activation barriers
are denoted with blue-colored ∆E‡, and the barriers for the reverse reaction are denoted
with red-colored ∆E‡.) Such possible reactants are electrophile 2*, electrophilic species
7 and ortho-quinone methide 8. However, the energetics of different reaction pathways in
system 1M1T (Figure 3.13) shows, that the carboxylate adduct 5 disrupts the formation of
electrophilic species for further electrophilic substitution. Assuming that all reactions are re-
versible, at chemical equilibrium rather 5 than 2*, 6 or 7 will be formed from 1 or 1*, as the
highest reaction barrier is 116 kJ mol−1 (5→2*), yet only 5 (∆E = −7 kJ mol−1) is thermo-
dynamically stable. Also the reverse reaction barriers for 2*, 6 and 7 (∆E‡ . 33 kJ mol−1)
are low, and in comparison to the barrier of reverse reaction 5→1 (∆E‡ = 122 kJ mol−1)
almost negligible. The twin monomer fragmentation (1*→6→7→8), as one possible reac-
tion pathway, leads only to a volatile ortho-quinone methide (∆E‡ = 13 kJ mol−1 for 8→7,
∆E‡ = 12 kJ mol−1 for 7→6, ∆E‡ = 33 kJ mol−1 for 6→1*). Generally, the trifluoroacetic
acid molecule acts rather as a reactant forming a deactivated adduct 5, but not as a catalyst
for the electrophile formation through the ring-opening reaction. As the reaction of 1 to 5
proceeds via transition state 1-TS-5, which shows an electrophilic character, an additional
neighboring twin monomer molecule could potentially trap this species leading to the elec-
trophilic substitution. Therefore, an extended reaction model system 2M1T is considered in
the following.
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Fig. 3.13. Scheme for the reaction of one twin monomer and one acid molecule (system 1M1T).
Dashed arrows represent reaction pathways, which are not investigated in particular, but
they can be derived from the present PES. The relative energies ∆E (in parentheses) for
all products and the activation barriers ∆E‡ (in brackerts; blue-colored, reverse reaction
barriers: red-colored) are given in kJ mol−1 and they are relative to 1. All energies
include ZPVE. (Single-point: PW6B95-D3/def2-TZVPP/COSMO ε = 10; ZPVE: BP86-
D3/SVP/COSMO ε =∞)
3.3.3 Acid-catalyzed ring-opening of a twin monomer and subsequent
electrophilic substitution with a second twin monomer molecule
In order to also consider the electrophilic substitution, the simple reaction model 1M1T is
extended by an additional twin monomer molecule (system 2M1T). The electrophile resulting
from one of the monomer molecules originates from the proton-catalyzed cleavage of the
O−CH2 bond. One of the twin monomer molecules is activated at the O−CH2 bridge by TFA
in the same manner, as it is already described for system 1M1T, i.e. reaction pathway 1.1→
2.1 in Figure 3.6. Here, the ring-opening reaction is described by a single reaction coordinate
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R1.1, since the carboxylate anion rotation is sterically hindered in this case (Figure 3.14). The
reaction pathway 1.1→2.1 in system 2M1T corresponds to the abandoned reaction pathway
of 1→2 (see to Figure 3.13), where the electrophile 2 could not be found (see Figure 3.8
and Figure 3.13). However in the extended system 2M1T, the present second twin monomer
molecule seems to stabilize the arising electrophilic intermediate, so that the electrophile
2.1 occurs. This electrophile is then capable to undergo electrophilic substitution with the
second monomer molecule.
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Fig. 3.14. Relaxed scan for the ring-opening reaction of one twin monomer molecule and one acid
molecule in the model system 2M1T. The O−CH2 bridge cleavage (determined by R1.1)
leads to the electrophile 2.1 via 1.1-TS-2.1. (BP86-D3/SVP/COSMO ε =∞)
Generally, the electrophilic substitution might proceed at two different positions (ortho
and para) of the aromatic moieties of the twin monomer molecule. For the proton catalyzed
twin polymerization, it has been reported that almost no ortho/para selectivity should be
expected, as almost no difference between the transition states and the σ-complexes has
been observed.[81] Hence, for reasons of simplification first only ortho-substituted products
and furthermore also the para-substituted products are considered in the extended model
system 2M2T.
The substition at the twin monomer molecule at ortho-position is modeled along the
(electrophile)CH2
⊕-C(phenyl) axis (R6.1) (Figure 3.15). In the first step of the electrophilic
substitution, the σ-complex 3.1 is reached via the transition state 2.1-TS-3.1 by the reac-
tion of the electrophile 2.1 with the second twin monomer molecule. Further, the present
carboxylate anion interacts with 2.1 by forming hydrogen bonds with the Si−OH group.
At the same time, the counter anion is still capable to interact with the hydrogen atom
48
3 Building suitable models – Acid-catalyzed twin polymerization
0
20
40
60
80
100
120
140
1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0
Δ
E
 [k
J·
m
ol
−1
]
reaction coordinate R6.1 [Å]
σ-complex
1.66 (R6.1)
1.061.45
2.46
electrophile
2.60 (R6.1)
1.051.47
2.63
2.05 (R6.1)
1.061.46
2.50
2.1-TS-3.1
3.1
2.1
Fig. 3.15. Relaxed scan for the electrophilic substitution at ortho-position of one twin monomer
molecule by an electrophile for the model system 2M1T. The formation of the σ-
complex (3.1) via 2.1-TS-3.1 is determined by the reaction coordinate along the
(electrophile)CH2
⊕-C(phenyl) axis (R6.1). (BP86-D3/SVP/COSMO ε =∞)
of the occurring σ-complex. Therefore, the second step of the electrophilic substitution, a
further elimination of H⊕, is facilitated as, due to the recombination of the proton with
the carboxylate anion, the acid molecule is restored as depicted in Figure 3.16. Since the
reaction of the H⊕ of the σ-complex with the carboxylate anion is the major process, a
reaction coordinate R7 can be introduced, which represents the bond-formation process for
the restoration of the TFA molecule. However, at the same time the hybridization of the
ortho-carbon atom in the σ-complex changes from sp3 to sp2 once a substitution product is
formed, so that the angle A1 is introduced as a further reaction coordinate to describe this
concurrent process. The carboxylate anion in 3.1 is stabilized, since it forms a hydrogen
bond with the Si−OH group (1.45Å, see Figure 3.15). However the hydrogen bond has to
be slightly stretched (1.50Å, see Figure 3.16) to be able to simultaneously establish an in-
teraction with the hydrogen of the σ-complex (3.1-TS-4.1). Once the substitution product
is formed and therefore the TFA molecule is restored, only a weak hydrogen bond with the
Si−OH group remains (1.75Å, see Figure 3.16).
Apparently, the restored acid molecule can activate the remaining O−CH2 bridging units
again and further assist bond cleavage and the formation of electrophilic species. A continu-
ous electrophilic substitution would consequently lead to a resin network formation. Hence,
the TFA acts as a catalyst, since its structure is restored once a reaction cycle twin monomer
activation −→ ring-opening −→ electrophilic substitution has been finished.
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Fig. 3.16. PES for the formation of the (ortho-)substituted product 4.1 from the σ-complex 3.1 for
the model system 2M1T. The formation of a substitution product and the simultaneous
acid restoration of TFA is determined by the (TFA)carbonyl-hydrogen(σ) distance (R7.1)
and the angle A1 to describe the change of hybridization of the ortho-carbon atom in
the σ-complex from sp3 to sp2. (BP86-D3/SVP/COSMO ε =∞)
The energetics of the complete reaction sequence is summarized in Figure 3.17. It can
be seen, that the ring-opening (1.1→2.1) at the O−CH2 bridge, i.e. the formation of
the electrophile is the rate-determining step (∆E‡ = 129 kJ mol−1) in the overall process.
Energetically, this is comparable to the highest activation barrier in the system 1M1T for the
reaction 5→2* (∆E‡ = 116 kJ mol−1). However, as explained above, in the system 2M1T
an electrophile 2.1 is formed due to the stabilization effect of the second twin monomer
molecule (∆E = 109 kJ mol−1), though it is a comparably volatile species (reverse activation
barrier ∆E‡ = 20 kJ mol−1 for 2.1→1.1). Fast subsequent reaction steps to the substitution
product are likely to happen, as the corresponding activation barriers are rather low (∆E‡ =
3 kJ mol−1 for 2.1→3.1, ∆E‡ = 11 kJ mol−1 for 3.1→4.1). At the end, the final product
4.1 is reached, which is the thermodynamically most stable species in this model (E =
−30 kJ mol−1). Clearly the restoration of aromaticy (of organic substituents of the twin
monomer) is the driving force for the whole process. Still, further acid molecules can play
an assisting role for the separation of a proton from the occurring σ-complex (reaction step
3.1→4.1).
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Fig. 3.17. Scheme for the reaction of two twin monomer molecules and one acid molecule (system
2M1T). The relative energies ∆E (in parentheses) for all products and the activation
barriers ∆E‡ (in brackets; blue-colored, reverse reaction barriers: red-colored) are given
in kJ mol−1 and they are relative to 1.1. All energies include ZPVE. (Single-point:
PW6B95-D3/def2-TZVPP/COSMO ε = 10; ZPVE: BP86-D3/SVP/COSMO ε =∞)
3.3.4 Acid-catalyzed ring-opening and subsequent electrophilic substitution
of a twin monomer supported by further acid molecules
The model system 2M1T is now extended by an additional TFA molecule (system 2M2T).
The presence of further acid molecules should enable a better stabilization of the arising
carboxylate anion. Furthermore, the substitution reaction should also be relieved, since
the interaction between the σ-complex and the counter anion is assisted by the second
acid molecule. The interaction of the additional acid molecule with the carboxylate anion is
modeled by considering possible hydrogen bonds. However, the overall activation mechanism
and the cleavage of O−CH2 bridge are handled in the same way as for the system 2M1T.
The ring-opening leading to the electrophile 2.2 and the subsequent electrophilic sub-
stitution of the second twin monomer in the ortho-position are considered. The cleavage
of 1.2 (Figure 3.18) is described by a single reaction coordinate R1.2. The reaction of the
formed electrophile species 2.2 (and 2.2∗) to (ortho-) σ-complex 3.2∗ proceeds along the
(electrophile)CH2
⊕-C(phenyl) axis, which is denoted by the coordinate R6.2 (Figure 3.19).
The formation of the substitution products 4.2, and the concurrent restoration of the
acid molecule are modeled with respect to the hydrogen atom release (Figure 3.20) from
σ-complex and the protonation of the TFA molecule (R7.2), which leads to the release of the
second proton (R8). This spare hydrogen and the remaining trifluoroacetate anion result in
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Fig. 3.18. Relaxed scan for the ring-opening reaction of the twin monomer molecule and one acid
molecule in the model system 2M2T. The O−CH2 bridge cleavage (determined by R1.2)
leads to the electrophile 2.2 via 1.2-TS-2.2. (BP86-D3/SVP/COSMO ε =∞)
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Fig. 3.19. Relaxed scan for the electrophilic substitution at ortho-position of one twin monomer
molecule by an electrophile in the model system 2M2T. The formation of the σ-
complex 3.2 via 2.2-TS-3.2 is determined by the reaction coordinate along the
(electrophile)CH2⊕-C(phenyl) axis (R6.2). (BP86-D3/SVP/COSMO ε =∞)
the restored second TFA molecule. Generally, the interaction between TFA and caboxylate
anion through establishing H-bonds is maintained during the whole reaction sequence.
Mechanistically the overall process for the ring-opening reaction and for the electrophilic
substitution at ortho-position remains unchanged for the system 2M2T compared to the
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Fig. 3.20. PES for the formation of the (ortho-) substituted product 4.2 from the σ-complex
3.2 for the model system 2M2T. The formation of the product and the simultaneous
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(BP86-D3/SVP/COSMO ε =∞)
system 2M1T. However the energetics is influenced by the presence of the another acid
molecule (see Figure 3.21).
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Fig. 3.21. Scheme for the reaction of two twin monomer molecules and two acid molecules (system
2M2T). The relative energies ∆E (in parentheses) for all products and the activation
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Considering two acid molecules in the reaction system, the ring-opening reaction of the
twin monomer (1.2→2.2) is still the rate-determining step (∆E‡ = 103 kJ mol−1) for the
complete reaction sequence. In comparison to the system 2M1T (1.1→2.1), the activation
barrier for the O−CH2 bridge cleavage in this model is notably lower (by ≈ 26 kJ mol−1).
Further, the formed electrophile readily reacts with the second twin monomer. The for-
mation of the σ-complex requires almost zero activation (2.2→3.2: ∆E‡ = 2 kJ mol−1)
and the subsequent reaction 3.2→4.2 to the substitution products proceeds by overcoming
a low activation barrier of 15 kJ mol−1. The aromaticy of the organic substituents of the
monomer is restored in the resulting product 4.2, which finally is the most stable species
(∆E = −33 kJ mol−1) in the reaction system. The reaction barriers for both steps of the
electrophilic substitution are comparable with the barriers for 2M1T, and all in all they are
approx. equal (compare Figure 3.17).
So far the electrophilic substitution at the aromatic moieties of the twin monomer molecule
was considered only at ortho-position. Despite substitution at ortho-position, also the reac-
tion of the electrophile with the twin monomer at the para-position (denoted by asterisk *)
is possible. Therefore it is analyzed as well, proceeding in the same manner, as it was
done by the modeling of the ortho-substitution. The corresponding para-σ-complex and the
consequent para-substituted product are gained as illustrated in Figure 3.22 and Figure 3.23.
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Fig. 3.22. Relaxed scan for the electrophilic substitution at para-position of one twin monomer
molecule by an electrophile in the model system 2M2T. The formation of the σ-
complex 3.2∗ via 2.2∗-TS-3.2∗ is determined by the reaction coordinate along the
(electrophile)CH2⊕-C(phenyl) axis (R6.2∗).
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Fig. 3.23. PES for the formation of the (para-) substituted product 4.2∗ from σ-complex 3.2∗
for the model system 2M2T. The formation of the substitution product and the simul-
taneous acid restoration of TFA is determined by R7.2∗ and R8, which represent the
hydrogen bond formation/cleavage between TFA and σ-complex, and between TFA and
trifluoroacetate. (BP86-D3/SVP/COSMO ε =∞)
The energy profiles for both reactions (the shown energies are relative to the corresponding
electrophile) are shown in Figure 3.24. In both cases the reaction to the σ-complex exhibits
almost no activation barrier and it is exothermic. There is only a little difference in energy
for the transition states 2.2-TS-3.2 and 2.2*-TS-3.2*, as well as for the σ-complex species
3.2 and 3.2*. However the ortho-substituted product 4.2 is energetically favorable (∆E =
−122 kJ mol−1) in comparison to the para-substituted product 4.2* (∆E = −99 kJ mol−1).
Also the activation barrier for the formation of ortho-product is lower (∆E‡ = 26 kJ mol−1
for 3.2→4.2 and ∆E‡ = 32 kJ mol−1 for 3.2*→4.2*). Since the formation of a hydrogen
bond between carboxylate anion and a proton from the σ-complex is essential for the product
formation, the activation barrier for this reaction will be reduced, if the hydrogen bond can
be established better. However, it should be noted, that such stabilization by hydrogen
bonds is present for both positions (ortho- and para) in an experimental setting, i.e. in
the solution or in the melt. In this setting, more acid molecules could be involved, which
could further reduce the difference in the transition states. Therefore, this difference in the
reaction barriers for the reaction of the σ-complex species to the products 4.2 and 4.2*
should not be overemphasized.
Regarding the ring-opening reaction as the rate-determining step, the activation barrier
for this dissociation reaction should be even lower once the experimental reaction conditions
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Fig. 3.24. Right: Schematic representation of the substitution at ortho- or at para-position. Left:
Reaction profile for the electrophilic substitution of the twin monomer molecule at ortho-
and at para-position (denoted by *) in the model system 2M2T. The activation barriers
∆E‡ (in brackets) and the relative energies ∆E (in parentheses) are given for the σ-
complex species (3.2 and 3.2*) and the corresponding transition states (denoted by
TS) as well as for the products (4.2 and 4.2*). All energies inlcude ZPVE and they are
relative to the electrophiles 2.2 and 2.2* respectively. (Single-point: PW6B95-D3/def2-
TZVPP/COSMO ε = 10; ZPVE: BP86-D3/SVP/COSMO ε =∞)
(25 ◦C in the solution (CH2Cl2) or 85
◦C in the melt) and therefore the entropic contributions
are considered. The corresponding Gibbs free energies are computed by using freeh module
from the TURBOMOLE 6.5 program package.[85] The relative Gibbs free energies for both
substitution options are summarized in Table 3.1.
In both reaction conditions the Gibbs free activation energy for the dissociation (ring-
opening) is only slightly lower by approx. 2 kJ mol−1, which is negligible. Also the further
reaction remains almost the same in terms of the electrophilic substitution. The formation
of the σ-complex occurs without an activation barrier and the products are formed with only
a little activation. Although the activation barrier for the ring-opening is lower, once the
entropic contributions are considered, it is still the rate-determining step for the initiation
of the TP.
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Tab. 3.1. Gibbs free energy for the ring-opening reaction and the electrophilic substitution in
the model system 2M2T. All values are given in kJ mol−1 and they are relative
to 1.2. (Single-point: PW6B95-D3/def2-TZVPP/COSMO ε = 10; ZPVE: BP86-
D3/SVP/COSMO ε =∞)
PW6B95-D3
T = 298.15K T = 358.15K
species ∆G
1.2 0 0
1.2-TS-2.2 101 100
2.2 91 91
2.2-TS-3.2 83 84
3.2 74 74
3.2-TS-4.2 86 85
4.2 −30 −30
3.3.5 Final discussion
Generally, the above results show, that the counter anion has a pronounced influence on the
reaction mechanism. In the most simple model system 1M1T multiple reaction pathways
can be observed (Figure 3.13). However the ring-opening reaction of the twin monomer often
leads to deactivated products, which are not available for a subsequent electrophilic substi-
tution. On the other hand, some identified electrophiles are mostly very volatile species. At
equilibrum, the formation of the (carboxylate) anion-electrophile adduct is favored, leading
to a stable product.
Already a simple extension of the model system by an additional monomer molecule (sys-
tem 2M1T) leads to easily arising electrophilic intermediates. These concurrently undergo
the electrophilic substitution (Figure 3.17). Here, the occurring electrophile is stabilized by
the second monomer molecule and the direct reaction with the carboxylate anion is hindered.
Once an electrophile is formed, the electrophilic substitution proceeds straightforward.
Further extension of the model system by a second trifluoroacetate molecule (system
2M2T) mostly influences the ring-opening reaction (Figure 3.21). Once the electrophile is
formed, a carboxylate anion is present in the reaction system. Although it can be stabilized
by forming a hydrogen bond with the Si−OH group of the electrophile, the carboxylate anion
is also capable to form further hydrogen bonds if additional acid molecules are present. This
aspect further compensates the negative charge of the anion and therefore reduces the energy
of the reaction system. However, the ring-opening reaction remains the rate-determining
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Fig. 3.25. Catalytic reaction of one twin monomer and the trifluoroacetic acid to an electrophile
(ring-opening reaction) and the subsequent electrophilic substitution with a second twin
monomer molecule, where the acid molecule is restored. The substitution product can
be activated by additional acid molecules and further undergo electrophilic substitution
leading to phenolic resin chain propagation. The activation barriers ∆E‡ are given in
kJ mol−1 including ZPVE. (Single-point: PW6B95-D3/def2-TZVPP/COSMO ε = 10;
ZPVE: BP86-D3/SVP/COSMO ε =∞)
step in the overall reaction sequence running from the electrophile formation (ring-opening)
to the electrophilic substitution (Figure 3.21 and Table 3.1). As soon as the substitution
products are formed, also the carboxylate anion reacts with a spare proton and the acid
molecule is restored. Accordingly, the complete process (with respect to ortho-products)
can be represented as a catalytic cycle (Figure 3.25). The substitution product can also
be activated by the acid, since it still features the fragile O−CH2 bridges, and undergo
further electrophlic substitution. Thus, the consecutive acid-catalyzed phenolic resin chain
propagation leads to organic network formation.
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3.4 Conclusions and outlook
Three model systems (1M1T, 2M1T, 2M2T) have been introduced to investigate the
role of the counter anion in the acid (TFA) catalyzed initiation of 2,2’-spiro[4H-1,3,2-
benzodioxasiline] twin polymerization. A simple model consisting of one twin monomer
molecule and one trifluoroacetic acid molecule (system 1M1T) has been gradually extended
by another monomer molecule (system 2M1T) and then by another acid molecule (system
2M2T). The most complex model system 2M2T represents the most adequate chemical re-
action environment, since all relevant reaction partners are simultaneously present. For
all three reaction systems the potential energy surface has been studied in detail. The
reaction mechanism is analyzed and the energetics is determined. The energetics is also
evaluated with respect to different polar environment by applying the COSMO solvation
model (ε=0, 1, 5, 10, 50,∞; see Appendix A). The setting closest to the experiment (ε = 10)
is discussed in detail.
In comparison to the two smaller model systems (1M1T and 2M1T), the model system
2M2T exhibits the lowest energy pathway for the ring-opening reaction of a twin monomer
and the subsequent electrophilic substitution (ortho/para). It is shown that the cleav-
age of the O−CH2 bridge and the formation of the electrophile are the rate-determining
steps (∆E‡ = 103 kJ mol−1), where the electrophilic substitution occurs almost barrier-
less (∆E‡ = 15 kJ mol−1). Additionally, considering a realistic reaction setting at 25 ◦C
in the solution (CH2Cl2) or 85
◦C in the melt, the ring-opening reaction still remains the
all-dominant reaction step (∆G‡ = 101 kJ mol−1 and ∆G‡ = 100 kJ mol−1).
Studying of the simplest system 1M1T has shown, that the counter anion strongly interacts
with the electrophile forming deactivated products for the further electrophilic substitution.
However, these side reactions are hindered, if another monomer molecule is present. More-
over, the carboxylate anion enhances the electrophilic substitution process by interaction
with occurring intermediates through formation of hydrogen bonds. Generally, the acid
molecule acts like a catalyst, i.e. it is restored after the electrophilic substitution.
Comparing the above results (model system 2M2T) with the results of the formerly estab-
lished proton-catalyzed model[45, 81] shows that the incorporation of the counter anion into
the model has a crucial effect on the barrier height of the main reaction steps (Figure 3.26).
Especially, the activation barrier for the ring-opening reaction is strongly influenced result-
ing in ∆E‡ approx. three times higher in comparison to the former studies (Figure 3.26).
Additionally, an overall activation barrier of 15 kJ mol−1 is found for the electrophilic sub-
stitution. This originates from the proton elimination of the σ-complex, where the addition
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Fig. 3.26. Short summary of the main results from the proton-catalyzed model by Auer et al.[45, 81]
and from the most sophisticated acid-catalyzed model system (2M2T) including the
counter anion. The activation barriers ∆E‡ are given for the main reaction steps of the
initiation of the organic network formation (electrophilic substitution at ortho-position).
reaction is almost barrierless. Since, the proton elimination step of the electrophilic subsi-
tution has been not considered in the past, also almost no difference for the substitution at
ortho- or at para- position was found, even though the ortho-product was already recognized
as thermodynamically more stable. In the present model, the calculated reaction barriers for
the elimination step show that the ortho-product is also kinetically favored (see Figure 3.24).
However, this slight advantage of the substitution at the ortho-position, resulting from a bet-
ter stabilization through hydrogen bonds, might disappear when more acid molecules are
present and therefore more hydrogen bonds can be formed, which would also further stabilize
the para-position. The topical results also show that e.g. the activation barriers for the ring-
opening reaction (which is the key-step for the initiation of the organic network formation)
are much closer to the barriers of the initiation reaction for the inorganic network formation
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compared to the one discussed in the past (compare recent reaction barrier for ring-opening
reaction and the initial activation barrier for inorganic network formation, Figure 3.26).
It has been shown that the barriers for the elementary reaction steps of the organic net-
work formation were underestimated. The above findings clearly show, that for a detailed
understanding of the reaction mechanism, the anion plays an important role as reactant and
not as spectator. Thus, the anion has to be considered to better understand and model
structure formation processes in future.
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4 Tracking volatile intermediates – Computational
investigation on the rearrangement mechanism of
tritylcarbenes
All research results presented in this chapter have been obtained solely by the author of
this PhD thesis under the guidance of Jun.-Prof. Dr. Joachim Friedrich. Most theoreti-
cal research issues presented in this chapter have already been published as a part of an
experimental and computational investigation under the title “Rearrangement Reactions of
Tritylcarbenes: Surprising Ring Expansion and Computational Investigation”.[92] The re-
lated experimental studies have been performed by the group of Prof. Dr. Klaus Banert.
4.1 Introduction
For the understanding of reaction pathways in rearrangement reactions a detailed insight
into each single rearrangement step is often necessary. The appearing intermediate species
are significant signs for certain reaction mechanism and the following reaction pathway.
Therefore the identification of the intermediates is an important and challenging task, which
often can not be addressed by chemical experiments only. Very volatile species sometimes
can not be even trapped and hence not identified and detected. However, quantum chemical
modeling enables detailed understanding of reaction mechanisms by taking a closer look on
the corresponding potential energy surfaces (PES). The shape of the PES provides a direct
method to reveal the reaction pathways. Furthermore, by calculating the energetics it is
also possible to estimate the most reasonable route in combination with the experimental
findings. By static quantum chemistry the reaction dynamics is not considered, however
the calculated relative energies, the reaction barriers, the heats of reactions and also the
molecular geometries are suitable criteria to qualitatively analyze and to evaluate the reaction
and its mechanistic sequences.
From the perspective of chemical synthesis carbenes are very interesting and important
reactive intermediates. These reactive species have been thoroughly investigated for decades
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as broadly applicable reactants in organic synthesis.[93–96] First at all, carbenes undergo
cheletropic addition, if they are released in presence of substrates with pi bonds. Species
with three-membered rings are then obtained as products. Further, also intramolecular
insertion reactions of carbenes are well known and preparatively utilized. Such an insertion
of singlet carbene 1 leads to typical alkene product 3 (Figure 4.1). The reaction mechanism
is often specified as 1,2-migration of group X. This synchronous process has been intensively
studied for typical migration groups like H, Me (alkyl), or Ph (aryl).[97–100] In addition to
the migration behavior of the migrant group X and competitive migrant groups R1 and
R2,[101–103] the role and the influence of the spectator substituents R3 has been also an
important research question in former research contributions.[99, 100,104]
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Fig. 4.1. 1,2 migration of the migrating group X and cheletropic processes of carbene 1.
Along with the intramolecular migration reaction and the cheletropic addition to pi bond
substrates, intramolecular additions leading to intermediately formed bicyclobutanes were
also reported in case of the allyl carbenes.[105–107] As shown in Figure 4.1 a cheletropic
reaction of phenyl substituted carbene 1 (X: Ph) results in the formation of bicyclobutane
4.[92] Noteworthy, this highly strained species can further undergo two competing bond
cleavage processes (Figure 4.1). On one hand, alkenes 3 are produced by “cleavage a“. On the
other hand, another twofold bond breaking “cleavage b” finally results in the heptafulvene
5. Just recently, a closer look on such intermediates 4 has been taken in the thermal
rearrangement of azulene to naphtalene,[108] and as a partial process in the decomposition of
styrene.[109] However, such a species has not been taken into account to explain the “cleavage
b” process and the competitive route to 1,2-migration (“cleavage a”). Even in the former
experimental studies dealing with the similar type of carbenes like 1, the side product 5
has not been detected and characterized.[101–103] However, both species 3 and 5 were found
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as products in the rearrangement reaction of the in situ generated cyanocarbene, resulting
from the decomposition process of the fading tritylethynyl azide.[92, 110–113]
These above observations on the unexpected rearrangement reactions derive in particular
from the experimental studies of this recently discovered ethynyl azide species (Figure 4.2).
The very labile azide species 8 is generated here by a slow nucleophilic substitution of alkyne
6.[112] The appearing short-lived azide decomposes by releasing nitrogen and forming the
carbene species 9. Alternatively, the azide species 8 is obtained from 7, also resulting
R4 X1 R4 N3 R
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−N2
98
nucleophilic
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decompostion
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Fig. 4.2. Nucleophilic azide transfer leading to the ethynyl azide 8, which releases N2 and thereby
decomposes to the carbene 9. The decomposition to carbene species is proved by inter-
and intramolecular trapping reactions.[112]
in carbene 9 by a corresponding decomposition process.[113] The systematic experimental
study of the ethynyl azide species led to the incidental evidence for the general rearrangement
1→4→5, that put the question, whether the main product 3 is also formed in the competing
pathway 4→3 (see Figure 4.1).
Considering the overall experimental findings on the rearrangement of tritylcarbenes (X,
R1,R2=Ph) two border line cases are conceivable. However, these can not be distinguished
experimentally. On the one hand, the highly-strained bicyclobutane intermediate can form
preferentially the heptafulvene 5 by “cleavage b”, and the ethene 3 exclusively arises from
the 1,2-phenyl shift (1→2→3). But on the other hand, 3 might also result via bicyclobutane
4 (following the reaction route: 2→4→3) and “cleavage a”, while 4 competitively undergoes
also “cleavage b” (4→5 rearrangement route). The well-established synchronous process
1→2→3, which is basically characterized by the 1,2-migration, was not questioned. The
computational investigation was performed with the main focus on the competing cleavage
routes including the intermediate bicyclobutane 4.
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4.2 Computational details
All quantum chemical calculations in this chapter are performed using the TURBOMOLE
6.5[85] quantum chemistry program package. By exploring the potential energy surface (PES)
using the density functional theory (DFT) the relevant stationary points related to the stud-
ied model reactions are found. The B3LYP[2, 3, 7, 86,114] hybrid functional with the latest
version of Grimme’s dispersion correction (D3[14, 17]) and the TZVP[87, 88,115] basis set is
employed for the calculation of the PES. All equilibrium and transition-state structures
are confirmed by normal-mode analysis.[90] The B3LYP-D3/TZVP geometry-optimized
structures are further used to calculate single-point energies more accurately. Therefore,
several common functionals like BP86,[1, 2, 4, 86] PBE0,[5, 86,114,116] TPSSH[9, 86,114,116] and
PW6B95[19] with D3 correction and the def2-QZVPP[117,118] basis set are applied. In oder to
ensure the required accuracy of the performed calculations, the employed DFT methods are
benchmarked against a suitable reference. Therefore, single-point (inc-)CCSD(T)(F12*)/cc-
pVDZ-F12[119–126] calculations for selected singlet-state species are performed. Due to
the size of the systems, the incremental scheme[127–137] is applied in order to keep the
CCSD(T)(F12*) computations feasible. Based on the results, the outcome from the single-
points PW6B95-D3 is determined to be further used for the detailed discussion. The reported
relative energies are given in kJ mol−1 and they include the zero-point vibrational energy
(ZPVE), unless otherwise stated.
4.3 Results and discussion
4.3.1 Investigation setting
The investigation procedure focuses on the addressed research question about the alternative
rearrangement routes of the carbene species. The theoretical investigation aims to clarify the
reaction mechanism of the carbene 9, either to ethene 3 (main product) or to heptafulvene
5 (side product). Therefore, the corresponding PES is studied with respect to the above
mentioned two borderline cases for the rearrangement routes via the intermediately formed
bicylcobutane 4. These are “cleavage a” and “cleavage b” as shown in Figure 4.3. The rear-
rangement mechanism is exemplarily studied for the parent cyanotritylcarbene 9a. Initially,
the minimum structures according to the general rearrangement scheme (see Figure 4.3)
are evaluated and characterized regarding their relative energies, singlet-triplet separation
energies, and the molecular geometries. Further, the single rearrangement steps, the over-
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Fig. 4.3. Decomposition of the azide 8a and rearrangement processes of the carbene 9a.
all mechanism and the energetics are evaluated. The rearrangement mechanism and the
energetics are analyzed for further tritylcarbene systems, which are derived from the par-
ent carbene 9a by introducing different spectator substituents R3. Finally, all findings are
discussed with respect to the experimental observations and main conclusions are drawn.
The involved species and especially the initial carbene are studied paying attention to
the related electronic states, which are the singlet as well as the triplet states. Here, three
different cases for the carbene 9a are conceivable, and they are denominated in the following
way:
1) optimized structure singlet state – s,
2) optimized structure triplet state – t, and
3) triplet state on frozen singlet-state structure – t-frozen.
Considering the four isomeric species 9a, 3a, 4a, and 5a totally 12 different cases are
analyzed and discussed bellow.
For the computational modeling of the PES, main reaction coordinates are identified,
which are essential for the rearrangement steps. By manipulating the appropriate coordi-
nates and studying the corresponding PES, the certain reaction step is analyzed and its
mechanism interpreted. Starting from the structure of the carbene species 9a, and keeping
the two rearrangement borderline cases in mind (via intermediate bicyclobutane 4a), the
necessary reaction coordinates are defined, as shown in Figure 4.4.
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Fig. 4.4. Main reaction coordinates for the rearrangement process of 9a via the intermediate 4a.
4.3.2 Relative energies, singlet-triplet energy separations and geometries
Starting from the general reaction scheme in Figure 4.3 the corresponding stationary points
are explored. The molecular structures are optimized at B3LYP-D3/TZVP level of theory.
However, for the evaluation of the relative stabilities ∆E (relative to the azide 8a) of the
involved singlet- and triplet-state structures, the results from PW6B95-D3/def2-QZVPP
calculations including ZPVE are further discussed. They are summarized in Table 4.1.
Equilibrium structures are found for the parent carbene system, that are singlet 9as and
the triplet carbene 9at, and they are characterized as minima. Both carbene structures show
typical geometrical features (see Figure 4.5), such as bond angles at the divalent carbene C-
atom (9as: 121◦; 9at: 163◦), as known from former theoretical research records.[138,139] The
triplet-state carbene 9at is energetically by about 10 kJ mol−1 lower than the corresponding
singlet-state carbene 9as. Consequently, the adiabatic singlet-triplet separation energy for
9a is negative, i.e. ∆Es−t,adia = −12 kJ mol−1. In consideration of the bent-geometry
triplet carbene 9at−frozen, which corresponds to the 9as molecular structure, no minimum
is found, where 9at−frozen is the least thermodynamically stable carbene species (∆E =
−15 kJ mol−1) comparing to 9as and 9at. The vertical singlet-triplet separation energy for
9as and 9at−frozen is distinctly positive (∆Es−t,vert = 84 kJ mol−1). Accordingly, at least
84 kJ mol−1 are required for the vertical excitation from the singlet- to the triplet-state PES
for the carbene species 9a.
The triplet state and the frozen-geometry triplet state are also examined for the iso-
meric species 3a, 4a, and 5a. The molecular structures of these species and the corre-
sponding electronic states are illustrated in Figure 4.5. The relative energies, and also
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Tab. 4.1. Relative energies (kJ mol−1) for singlet- (s) and triplet-state (t) optimized structures
at the B3LYP-D3/TZVP level of theory and single-point calculations at the PW6B95-
D3/def2-QZVPP level of theory, both including ZPVE. The triplet-state relative energies
on frozen singlet-state structures are denoted by t-frozen. The lowest energy minimum,
which is azide 8a, is set to 0 kJ mol−1. The adiabatic and vertical singlet-triplet energy
separations are denoted with ∆Es−t,adia and ∆Es−t,vert.
TZVP def2-QZVPP
B3LYP-D3 PW6B95-D3
species ∆E ∆E ∆Es−t,adia ∆Es−t,vert
9as −109 −99 −12 84
9at −134 −111
9at−frozen −28 −15
3as −412 −398 142 253
3at −280 −256
3at−frozen −168 −145
4as −168 −183 130 262
4at −68 −53
4at−frozen 87 79
5as −288 −264 79 198
5at −211 −185
5at−frozen −97 −66
the separation energies are given in Table 4.1. From the calculations relating to the
species 3a, 4a, and 5a the singlet-state structures are anyway energetically favored in
comparison to the triplet-state structures (Table 4.1). The singlet ethene 3as is the
lowest energy species (∆E = −398 kJ mol−1), and it is notably more stable than 3at
(∆E = −256 kJ mol−1). Both the adiabatic and the vertical singlet-triplet energy gaps
are positive: ∆Es−t,adia = 142 kJ mol−1; ∆Es−t,vert = 253 kJ mol−1. The triplet ethene
structure features a longer Ph2C−CPhCN bond, since no double bond can be established,
and thus the geometry is twisted around the C−C axis to 99◦ (Figure 4.5). Also for the
singlet- and triplet-state structures of 4a and 5a typical geometrical differences can be iden-
tified. These originate form the non-bonding character of the two triplet radical centers. In
case of 4at the typical bicyclic unit of the bicyclobutane moiety characterized by two asso-
ciated 3-memebered rings (as in 4as) lacks of the intermediate C−C bond (see Figure 4.5).
The singlet-state structures for 4a and 5a are also energetically lower than the triplet-state
structures (Table 4.1). Therefore, also the singlet-triplet energy separations are positive for
both species (Table 4.1). The magnitude of the adiabatic energy gap between 4as and 4at
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Fig. 4.5. Geometry-optimized structures for singlet- (s) and triplet-state (t) species of 9a, 3a, 4a,
and 5a at the B3LYP-D3/TZVP level of theory. Bond lengths are given in Å.
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is ∆Es−t,adia = 130 kJ mol−1 and between 5as and 5at is ∆Es−t,adia = 79 kJ mol−1. The
vertical singlet-triplet energy splits are ∆Es−t,vert = 262 kJ mol−1 for the species 4a and
∆Es−t,vert = 198 kJ mol−1 for the species 5a.
All in all, from the calculated relative energies the following order for decreasing stability
of the isomeric singlet- and triplet state species can be established: 3as > 5as > 3at > 5at
> 4as > 9at > 9as > 4at. As already mentioned, the experimentally found 3as and 5as
are also the most stable species. The intermediate bicyclobutane 4as resides energetically
higher than both singlet-state products, but it is still notably lower than both possible
carbene species 9as and 9at. Hence the rearrangement of the carbene to the intermediate
bicyclobutane seems to be thermodynamically reasonable. Consequently, aiming to better
understand the formation of 5a, the rearrangement mechanism is analyzed with respect to
the activation barriers, as presented below.
4.3.3 Rearrangement mechanism and the energetics
As known from experimental studies, the short-lived ethynyl azide 8a readily decomposes to
the corresponding carbene 9a by releasing N2. At the same time, according to theoretical
studies of similar systems, no nitrenes are formed as products.[110] But, the occurring singlet
carbene 9as is energetically less favorable than the triplet-state 9at, which means that it is
a quite volatile species. Hence, the carbene 9as could not be isolated, but it is suggested as
an essential species for the rearrangement to the products 3as and 5as, as initially reported.
The corresponding potential energy surfaces for the decomposition show some of the sub-
sequent rearrangement steps in Figure 4.6. These PES provide a detailed picture of the
overall process. Due to the release of N2 from azide 8a, the arising carbene species 9as
might directly undergo intramolecular cheletropic process leading to 4as, since correspond-
ing structures can already be found on the PES for azide decomposition ( 1©). A closer
look on the PES for the rearrangement to ethene 3as ( 2©) clearly indicates the volatility
of 9as. From the shape of the PES in the region around the transition state 2as, which is
very flat, it is evident that the carbene 9as is quite labile and rearranges straightforwardly
to the thermodynamically stable product 3as. However, as already indicated for the de-
composition of 8a, the arising carbene readily undergoes cheletropic addition by overcoming
a low activation barrier and resulting in 4as ( 3©). This intermediately formed bicyclobu-
tane species further rearranges to the side product 5as through a two-step reaction (similar
reaction mechanisms have been recently mentioned in literature[108,109]), which refers to
“cleavage b” ( 4©). On this multiple-step rearrangement route another intermediate 14as is
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Fig. 4.6. Schematic PES for the decomposition of the azide 8a ( 1©) and the rearrangement of 9as
( 2©- 4©). The coordinates R1-R5 denote the main reaction coordinates for the rearrange-
ment of 9as, as illustrated in Figure 4.4. The coordinate R0 specifies the CN−N2 bond
breaking and corresponds to the decomposition of 8a and the release of one nitrogen
molecule. The lowest energy minimum, which is azide 8a, is set to 0 kJ mol−1. The PES
are given for the B3LYP-D3/TZVP.
formed first. This intermediate is generated by ring extension of the bridged phenyl sub-
stituent in the bicyclobutane 4as. The species 14as features a seven-membered ring, that
remains a typical structural attribute after a final rearrangement step to 5as. A direct
rearrangement of 4as to 5as through a synchronous single-step mechanism (simultaneous
bond-breaking according to “cleavage b”) is not found on the PES. Evidently, the elusive
carbene species alternatively rearranges to the ethene (which is a common reaction path-
way), as well as to the unexpected heptafulvene-like species. Yet, as previously mentioned,
the ethene main product can also be formed by a different rearrangement mechanism via
4as from the heptafuvlene route (“cleavage a”), which is also confirmed by the results from
quantum chemical modeling. In this process, “cleavage a” is a single-step mechanism, where
the corresponding bond-breaking processes simultaneously progress resulting finally in the
ethene 3as. From the found equilibrium and the corresponding transition state structures
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the overall reaction mechanism is derived, as shown in Figure 4.3. All molecular geometries
for the transition state as well as the equilibrium structures are summarized in Appendix B
in Figure B.1.
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Fig. 4.7. Decomposition of the azide 8a to the singlet carbene 9as and stepwise rearrangement
mechanism to 3as and 5as.
In order to recognize and evaluate the favored rearrangement pathway, the overall rear-
rangement mechanism is discussed with respect to the energetics. The analysis of the PES
and the corresponding stationary points lead to the reaction profile in Figure 4.8 relating
to the established reaction scheme for the decomposition of 8a and the rearrangement of
9as (Figure 4.3). The relative energies (including ZPVE) and the reaction barriers from the
results of PW6B95-D3/def2-QZVPP single-point calculations are discussed in the following.
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Fig. 4.8. Reaction profile for the decomposition of 8a to 9as and the subsequent rearrangement
to 3as and 5as. The relative energies are given for B3LYP-D3/TZVP (in brackets),
for the sophisticated PW6B95-D3 functional with the def2-QZVPP basis, and for inc-
CCSD(T)(F12*)/cc-pVDZ-F12 (single-point) calculations in parentheses, and they all in-
clude ZPVE. The activation barrier for the reaction 9as→3as is nearly 0 kJ mol−1 for
optimized geometries at the B3LYP-D3/TZVP level of theory. Due to the single-point
calculation (PW6B95-D3), the relative energy of the transition state 2as is slightly below
that of the carbene 9as.
The decomposition of the azide 8a to nitrogen molecule and carbene 9as requires activa-
tion of about 90 kJ mol−1. The resultant carbene species readily rearranges to the thermo-
dynamically most stable species 3as (∆E‡ ≈ 0 kJ mol−1). Competitively, the bicyclobutane
4as is formed from 9as by overcoming a low activation barrier of 7 kJ mol−1. From the inter-
mediate bicylcobutane, the ethene might be directly formed by “cleavage a” via 12as, which
requires 114 kJ mol−1 of activation. Certainly, the zero-barrier rearrangement 9as→3as
is preferred. However, for the further rearrangement of the intermediate 4as “cleavage b”
seems to be more convenient due to the lower activation barrier (∆E‡ = 46 kJ mol−1) for
the rearrangement route to 14as, which proceeds through transition state 13as. Then, the
rearrangement immediately leads to 5as (∆E‡ = 41 kJ mol−1). Consequently, if 4as is
reached, it selectively leads to 5as and not to 3as, which is generated only from carbene 9as
via the transition state 2as (Figure 4.8).
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4.3.4 Triplet- versus singlet-state rearrangement
Since 9at is thermodynamically even more stable than the singlet-state species 9as also
the rearrangement of the triplet-state carbene 9at must be considered in addition to the
rearrangement on the singlet-state PES. The rearrangement mechanism to the triplet-state
products 3at and 5at is analyzed. The biradical character of the triplet-state species leads
to a multi-step mechanism of the rearrangement including several triplet-state intermedi-
ates. From quantum chemical modeling two general rearrangement sequences of 9at to
triplet ethene 3at and triplet heptafulvene 5at are established, as illustrated in Figure 4.9
and Figure 4.10. The biradical character of the involved equilibrium and transition-state
species is indicated by dots for single electrons. The radical centers (given in the illustra-
tions) are deduced from the molecular structure of the optimized geometries (Figure B.2
and Figure B.3). Yet the structural formula only schematically represent the corresponding
molecular geometry, since, due to delocalization several mesomeric structures are present.
C C
CN
Ph
Ph
Ph
9at 2at 3at
4at
C C
CN
Ph
Ph
Ph
11at
C C
Ph
Ph Ph
CN
16at
CC
CNPh
Ph
17at
CC
CNPh
Ph
CC
CNPh
Ph
CC
CNPh
Ph
18at
19at
20at
CC
CNPh
Ph
CC
CNPh
PhCC
CNPh
Ph
b
a
b
a
"cleavage a"
Fig. 4.9. Direct and stepwise rearrangement mechanism of the triplet carbene 9at to the ethene
3at.
As previously discussed, the isomeric singlet- and triple state species for 9a, 3a, 4a, and
5a, which are also characterized as minima on the corresponding PES, can be considered as
potential crossing points between the singlet- and the triplet-state PES for the overall rear-
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Fig. 4.10. Stepwise rearrangement mechanism of the intermediate triplet bicyclobutane 4at to the
triplet-state heptafulvene 5at.
rangement process. Comparing the relative energies of the singlet- and triplet state species in
terms of possible crossing points, only the carbene species 9as and 9at are reasonably close.
The corresponding adiabatic singlet-triplet separation is 12 kJ mol−1 (Table 4.1). Though,
the vertical singlet-triplet separation ∆Es−t,vert is notably positive, i.e. 84 kJ mol−1, and
therefore it would be an unfavored process. The ∆Es−t,vert is also positive for the whole
rearrangement process along the reaction coordinate for the 1,2-phenyl shift from 9a to 3a
(Figure 4.11). Even for a broader area around the stationary points 9a and 3a, the vertical
single-triplet energy gap always remains positive, as shown by the two illustrated PES in Fig-
ure 4.11 (singlet- and frozen-geometry triplet state). According to the diagram in Figure 4.11
the ∆Es−t,vert at B3LYP-D3/TZVP level of theory is 81 kJ mol−1 for 9as→9at−frozen, and
244 kJ mol−1 for 3as→3at−frozen. The rearrangement on the singlet-state PES seems to
be generally favored, since the excitation to the triplet state PES requires a considerable
amount of activation energy. Also, as already discussed in reference to Table 4.1, the adia-
batic and the vertical separation energies for 4a and 5a are even orders of magnitude higher
than for 9a.
The energetics for the established reaction mechanism for the rearrangement of the triplet-
state carbene 9at is summarized and compared to the singlet-state energetics related to 9as
in Figure 4.12. Obviously for the rearrangement of 9at to 3at and 5at all activation barriers
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are notably higher, than these on the singlet-state route. The main activation barriers
9d→3d, 9d→4d, 4d→3d and 4d→5d for the singlet- or the triplet-state rearrangement
are summarized and compared in Table 4.2. According to the triplet-state reaction profile,
the formation of the side product 5at is rather energetically unfavored (9at→5at: ∆E‡ =
236 kJ mol−1). All rearrangement routes for 4at→5at (“cleavage a”) exhibit quite high
activation barriers (∆E‡ = 177 kJ mol−1), that are even higher than the reaction barriers
for the alternative “cleavage b” (∆E‡ = 135 kJ mol−1) leading to the triplet-state ethene
3as. Also the rearrangement routes starting form the triplet carbene towards the ethene 3at
(∆E‡ = 61 kJ mol−1) or the intermediate 4at (∆E‡ = 110 kJ mol−1) both show distinct
activation barriers, so that the carbene 9a seems to be quite a rigid species in the triplet
state. The formation of the essential intermediate bicyclobutane 4a seems to be reasonable
only on the singlet-state PES (9as→4as: ∆E‡ = 7 kJ mol−1). All in all, the comparison of
the singlet- and the triplet-state reaction profiles shows, that the rearrangement process of
9a is rather determined by the reaction mechanism according to the singlet-state PES.
Tab. 4.2. Activation barriers for main reaction steps (see Figure 4.12) are given for the singlet-
(∆E‡singlet) and triplet-state (∆E
‡
triplet) rearrangement of carbene 9a. All given activa-
tion barriers from PW6B95-D3/def2- QZVPP calcultions (kJ mol−1) include ZPVE and
they are relative to 8a.
PW6B95-D3/def2-QZVPP
reaction step ∆E‡singlet ∆E
‡
triplet
8a→9a 94 -
9a→3a −3 61
9a→4a 7 110
4a→3a 114 135
4a→5a 65 177
9a→5a 7 236
4.3.5 1,2-phenyl shift versus heptafulvene formation
Concerning the parent carbene 9a (cyanotritylcarbene), the rearrangement reaction occurs
most likely on the singlet-state PES, as explained above. Here, the direct rearrangement
to ethene 3a is favored in comparison to the cheletropic addition leading to the interme-
diate bicyclobutane 4a. However, if 4a is reached, the rearrangement readily proceeds to
heptafulvene 5a. Actually, such unprecedented ring-expansion reaction via intermediate bi-
cyclobutane is also revealed, when other tritylcarbenes are experimentally investigated (see
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Figure 4.1 for R3 =H, CO2Et).
[92] Hence, even though both products (3 and 5) are experi-
mentally found, the varying spectator substituent R3 might have an influence on the overall
rearrangement, since this is the case for the 1,2-migration as initially mentioned.[99, 100,104]
In consideration of the different rearrangement routes of tritylcarbenes, as derived from the
parent system 9a, further research questions arise:
• How does the spectator substituent R3 influences the rival rearrangements routes either
to ethene 3 or to heptafulvene 5?
• How does the spectator substituent R3 influences the rival rearrangements routes of
the intermediate 4, which are “cleavage a” and “cleavage b”?
Hence, in addition to the experimentally analyzed tritylcarbenes with the spectator sub-
stituents −CN (9a), −H (9b) and −CO2Et (9c), also further systems with varying sub-
stituents R3 are introduced for the computational investigation.
In general, two groups of substituents are established. These can basically be distinguished
in electron-withdrawing (EWG) and electron-donating groups (EDG) (Figure 4.13). Within
these two groups, two main electronic effects, which are the resonance effects (as e.g. in
−OMe or −CMeO) and the inductive effects (as e.g. in alkyl or halide) can be involved.
The substituent −H might be regarded as the point of comparison relative to the other sub-
stituents R3. According to the categorization in Figure 4.13 the parent carbene 9a features
−Br,
  −Cl,
    −F
−CHO,
  −CMeO
−CO2Et −CN −NO2−H  −OH,
−OMe
−Ph  −NH2,
−NMe2
electron-donating electron-withdrawing
parent
system
−R3:
Fig. 4.13. Electron-donating (EDG) and electron-withdrawing groups (EWG), which are intro-
duced as spectator substituents R3 leading to different tritylcarbenes.
an electron-withdrawing CN group. Further electron-withdrawing substituents are halide
(−Br, −Cl, −F), formyl (−CHO) and acetyl (−CMeO), ethoxycarbonyl (−CO2Et), and
nitro (−NO2) groups. In contrast, phenyl (−Ph), hydroxy (−OH) and methoxy (−OMe),
amino (−NH2) and dimethyl-amino (−NMe2) groups are introduced as electron-donating
spectator substituents.
With regard to the difference of the electron-withdrawing or the electron-donating capa-
bility, the influence of the corresponding R3 with respect to the competing rearrangement
pathways is analyzed. In doing so, the rearrangement reaction for all tritylcarbene systems
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is modeled according to the singlet-state rearrangement of the parent cyanotritylcarbene 9a
(Figure 4.3) using B3LYP-D3/TZVP.
By analyzing the PES for the corresponding rearrangement steps, the equilibrium struc-
tures for the singlet-state carbene was not found for all tritylcarbene systems. For the
ethoxycarbonyl- and for the formyl-substituted tritylcarbenes no minima for the singlet-
carbenes 9s and transition state 2s are found. However, corresponding stationary points for
the products 3s and 5s, the bicyclobutane intermediate 4s, the intermediate 14s and the
related transition states can be discovered on the PES. Hence, the appearing CO2Et- and
CHO-substituted tritylcarbenes immediately rearrange on the singlet-state PES. Moreover
no other product is generated once the thermodynamically favored species 3s is reached
(Figure 4.14). Regarding the two competing rearrangement pathways of the intermediate
0
50
100
150
200
250
300
350
9s 2s 11s 3s 12s 4s 13s 14s 15s 5s
Δ
(E
+Z
P
V
E
) 
[k
J·
m
ol
−1
]
reaction coordinate
species
CHO
CO2Et
CN
"cleavage a"
"cleavage b"
cheletropic
addition
1,2-phenyl
shift
10
20
30
40
50
60
70
80
90
100
4s 3s 4s 14s 14s 5s
Δ
reaction sequence
CHO
CO2Et
CN
(E
+Z
P
V
E
) 
[k
J·
m
ol
−1
]
‡
"cleavage a" "cleavage b"
CC
R3Ph
Ph
b
a
b
a
4s
76
29
28
61
33
21
38
26
100
Fig. 4.14. Left: reaction profiles for the rearrangement of the parent tritylcarbene (R3 =CN), and,
the ethoxycarbonyl- (R3 =CO2Et) and formyl-substituted (R
3 =CHO) carbene systems.
The energies (kJ mol−1) are relative to corresponding ethene 3s and they are given
for B3LYP-D3/TZVP including ZPVE. Right: activation barriers (∆E‡) for the rival
“cleavage a” and “cleavage b” of the intermediate bicyclobutane 4s.
bicyclobutane 4s, the rearrangement route to the heptafulvene 5s is notably favored in com-
parison to the rearrangement to ethene 3s (see Figure 4.14). Interestingly, the reaction bar-
riers for reaction 4s→3s obviously decrease, once R3 with a decreasing electron-withdrawing
ability (CN > CO2Et > CHO, see Figure 4.13) is introduced. Also, as soon as 4s is formed,
the rearrangement 4s→5s promptly proceeds.
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Considering the other spectator substituents shown in Figure 4.13 the corresponding
singlet-state carbenes are characterized as minima. The reaction profiles for rearrangement
on the singlet-state PES are illustrated in Figure 4.15. The given energies are relative to
the carbene 9s. According to the parent system, the corresponding stationary points are
found for almost all tritylcarbenes. Also the unexpected intermediate 4s and the compet-
ing “cleavage a” and “cleavage b” are identified. Still, there are differences between these
tritylcarbenes, and they are addressed in the following.
For the H-substituted reference tritylcarbene, as well as for the acetyl-substituted carbene,
the corresponding singlet-state structures are characterized as minima by analyses of the
Hessian. However no transition states are found (see reaction profile in Figure 4.15) for the
related 1,2-phenyl shift. Accordingly, the rearrangement proceeds without a barrier to the
resultant ethene. Still the rearrangement route to intermediate bicyclobutane 4s is found.
The nitrocarbene also exhibits a zero-barrier reaction route (∆E‡ ≈ 0 kJ mol−1) to ethene
3s, even though a corresponding stationary point for the transition state 2s was characterized
on the PES. This is similar to the parent cyanocarbene system. This parent system also
features a very volatile carbene, which directly rearranges to the thermodynamically favored
ethene. Other tritylcarbenes with electron-withdrawing spectator substituents, especially
the halides, display very similar reaction profiles with a little activation for the favored
rearrangement to ethene. Only the fluorocarbene exhibits higher activation barriers for
both rearrangement pathways either to 3s or 5s (see Figure 4.15).
The influence of the electron-withdrawing substituents on the energetics of the rearrange-
ment reaction is much more pronounced (Figure 4.15). The activation barriers rise (Fig-
ure 4.16) along with increasing electron-donating capability of R3 (see Figure 4.13). Hence,
also the corresponding carbene species become more rigid, since for any further rearrange-
ment higher activation barriers have to be overcome.
Interestingly, the carbene system with the reference substituent (R3 =H) exhibits similar
energy profile compared to the phenyl-substituted carbene (R3 =Ph). The latter features a
comparably low reaction barrier for “cleavage a”. Further, the reaction profiles are almost
equal for the both aminocarbenes, despite the very low activation barriers for the rearrange-
ment of corresponding 4s to 5s for the dimethyl-aminocarbene (R3 =NMe2). For these both
carbenes also the rearrangement routes 9s→3s and 9s→4s require practically the same acti-
vation. The hydroxycarbene (R3 =OH) exhibits slightly lower energetics in comparison with
the methoxycarbene (R3 =OMe). However, they strongly differ in the activation barriers
for the 1,2-phenyl shift (Figure 4.16).
80
4 Tracking volatile intermediates – Rearrangement of tritylcarbenes
"cleavage a"
"cleavage b"
cheletropic
addition
1,2-phenyl
shift
−400
−350
−300
−250
−200
−150
−100
−50
0
50
100
150
200
250
9s 2s 11s 3s 12s 4s 13s 14s 15s 5s
Δ
(E
+Z
P
V
E
) 
[k
J·
m
ol
−1
]
reaction coordinate
species
NMe2
NH2
OH
OMe
Ph
H
"cleavage a"
"cleavage b"
cheletropic
addition
1,2-phenyl
shift
−400
−350
−300
−250
−200
−150
−100
−50
0
50
100
150
200
250
9s 2s 11s 3s 12s 4s 13s 14s 15s 5s
Δ
(E
+Z
P
V
E
) 
[k
J·
m
ol
−1
]
reaction coordinate
species
NO2
CN
CMeO
F
Cl
Br
Fig. 4.15. Reaction profiles for the the rearrangement of the different tritylcarbenes, where the spec-
tator subsitutents (R3) are varied by different electron-donating or electron-withdrawing
capability of the corresponding group (see Figure 4.13). The energies (kJ mol−1) are
relative to corresponding carbene 9s and they are given for B3LYP-D3/TZVP including
ZPVE.
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The corresponding activation barriers for all studied tritylcarbene systems are summarized
and illustrated in Figure 4.16.
Addressing the two main questions at the beginning of this section, the evaluation of the
relevant reaction barriers can distinguish some extraordinary carbenes from the subset of
the studied systems. Such contrasting tritylcarbenes are the phenyl-substituted carbene,
the methoxy- and the aminocarbenes (see Figure 4.16). The Ph-substituted carbene rear-
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Fig. 4.16. Activation barriers (∆E‡) corresponding to the reaction profiles for the rearrangement
of the different tritylcarbenes (varied R3) in Figure 4.15. The energies (kJ mol−1) are
relative to corresponding carbene 9s and they are given for B3LYP-D3/TZVP including
ZPVE.
ranges almost directly (∆E‡ = 5 kJ mol−1) to the ethene species. The rearrangement to
the bicyclobutane exhibits a reaction barrier, which is about 10 kJ mol−1 higher compared
to 9s→3s route (which is common to the most of the studied tritylcarbenes). But, if 4s is
formed, both further rearrangement routes are quite close in their activation barriers (4s→3s:
∆E‡ = 30 kJ mol−1; 4s→14s: ∆E‡ = 26 kJ mol−1), where the heptafulvene route is slightly
favored. However, concerning this matter, the ethene might be formed to some extent also
via the intermediate bicyclobutane, which is quite improbable for all other studied systems.
In case of methoxy-substituted carbene, the 1,2-phenyl shift (∆E‡ = 113 kJ mol−1) requires
a notably higher activation energy, than the competing rearrangement to the intermediate
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bicyclobutane (∆E‡ = 76 kJ mol−1). This means, that the formation of 4s is more likely
to happen, compared to the direct rearrangement to 3s. In doing so, once the bicyclobu-
tane is present, the heptafulvene will be subsequently formed by the “cleavage b” (4s→14s:
∆E‡ = 22 kJ mol−1; 14s→5s: ∆E‡ = 28 kJ mol−1), while the alternative “cleavage a” (to
give the ethene 3s) needs a tremendously higher activation (∆E‡ = 141 kJ mol−1). For the
aminocarbenes neither the 1,2-phenyl shift nor the bicyclobutane route are preferred. Both
rearrangement pathways show almost equal activation barriers. However, from the inter-
mediate bicyclobutane only the heptafulvene formation is strongly preferred (“cleavage b”),
since the alternative “cleavage a” exhibits enormously higher barriers (see Figure 4.16).
4.3.6 Final discussion
Starting form the parent cyanotritylcarbene system 9a (R3 =CN) the rearrangement reac-
tion on the singlet-state PES is found to be more reasonable to give the ethene main product
3 and heptafulvene side product 5a respectively. In general, by considering the triplet-state
case, the main activation barriers for the rearrangement are always higher, than the re-
action barrier on the singlet-state PES (Figure 4.12 and Table 4.2). The rearrangement
to heptafulvene readily proceeds, once the necessary bicyclobutane intermediate is formed.
However, the volatile carbene rearranges more likely to the ethene by a direct (zero-barrier)
1,2-phenyl shift. Hence, no other product is generated if the thermodynamically favored
3a is reached. Once the tritylcarbene is modified by variation of the spectator substituent
R3 (see Figure 4.1) also the energetics of the competing rearrangement pathways might
change. In case of the electron-withdrawing substituents non-significant differences for the
competing 9s→3s and 9s→4s routes, and the rival “cleavage a” and “cleavage b” reaction
pathways are observed (Figure 4.15 and Figure 4.16). However, the energetics and therefore
the significance of a certain rearrangement sequence is notably influenced by the introduc-
tion of electron-donating substituents, such as −Ph, −OH, −OMe, −NH2, and −NMe2.
Especially for the amino-substituted carbenes the rearrangement routes to ethene and to
the bicyclobutan intermediate both move close to each other requiring almost equal acti-
vations. At the same time, the rearrangement to heptafulvene from the bicyclobutane is
further relieved. For the methoxycarbene the activation barrier for the rearrangement to
ethene is even uniquely shifted above the reaction barrier for the cheletropic addition. A
further rearrangement of the bicyclobutane still obeys the “cleavage b”. Thus, the forma-
tion of the heptafulvene side product becomes more important, although ethene is still the
thermodynamically most favored species in the reaction system. Due to the lower activation
83
4 Tracking volatile intermediates – Rearrangement of tritylcarbenes
for the bicyclobutane formation compared to the 1,2-phenyl shift, the rearrangement of the
methoxycarbene might result in a higher yield of the corresponding methoxy-substituted
heptafulvene. Concerning the competing rearrangement routes of the intermediately occur-
ring bicyclobutane, that are “cleavage a” and “cleavage b”, the Ph-substituted carbene system
is identified as an outstanding candidate (Figure 4.15 and Figure 4.16). For this system,
the reaction barriers for both cleavage options of the bicyclobutane species are comparably
close with a difference of 4 kJ mol−1, where the heptafulvene route is still slightly favored.
In this case, however, it seems to be reasonable that the ethene might also be formed via
the intermediate bicyclobutane.
4.4 Conclusions and outlook
In summary, the main results of the theoretical investigation on the rearrangement reactions
of tritylcarbenes are presented in a short picture collage in Figure 4.17 and Figure 4.18.
The parent cyanotritylcarbene, which is subsequently resulting from the decomposition of
the short-lived tritylethenyl azide, manifests versatile rearrangement pathways, in which the
singlet-state case is more probable (Figure 4.17). The elusive singlet carbene species is barely
existent, since it is not a minimum on the PES for the most of the DFT functionals ( 1©). For
a closer look the PW6B95 functional was chosen ( 2©). The volatile tritylcarbene produces
not only the corresponding triphenylethene by a barrierless 1,2-phenyl shift ( 3©), but also
the isomeric heptafulvene, which results from an exceptional bicyclobutane intermediate
( 4©). Once the bicyclobutane intermediate is formed, two competing reaction pathways to
the ethene and the heptafulvene exist, while the heptafulvene route is energetically more
beneficial ( 5©). However, in the overall consideration, the direct 1,2-phenyl shift is always
favored in case of the cyanotritylcarbene ( 6©).
Nevertheless, such unprecedented ring-expansion reactions via intermediate bicyclobutane
have been also revealed, when other tritylcarbenes were experimentally[92] and theoretically
studied (Figure 4.18). Perhaps, such heptafulvene products can likewise be found after the
formation of any suitable benzylcarbenes, although only other products have been described
in similar cases.[101–104,140] The results of theoretical studies show, that the competing
rearrangement pathways always exist in tritylcarbenes ( 7©). Hence, this should be likely for
any other suitable molecular systems. From a subset of modified tritylcarbenes (variation
of the spectator substituent R3) a certain carbene system can be identified, which alters
the main rearrangement route, i.e. the 1,2-phenyl shift ( 8©). The amino- and especially
the methoxycarbene might be capable to readily rearrange to the heptafulvene, which would
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Fig. 4.17. Summary of the theoretical investigation of singlet cyanotritylcarbene rearrangement
pathways going from 1© to 6©.
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result in a higher yield of this side product. Interestingly, the lax 1,2-migration is suppressed
(compared to other studied carbenes) in case of the methoxycarbene, while the reaction
to heptafulvene via the bicyclobutane intermediate is further relieved. Surprisingly, in the
rearrangement of phenyl-substituted carbene, the competing “cleavage b” of the intermediate
bicyclobutane might play a role in the formation of the ethene, even though the 1,2-phenyl
shift is still favored.
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Fig. 4.18. Summary of the theoretical investigation of singlet tritylcarbenes with varying spectator
substituent R3 going from 7© to 8©.
Generally, the unexpected formation of the bicyclobutane intermediate and the subsequent
ring expansion provide explanation for the formation of the heptafulvene as a side product.
By modifying the tritylcarbene system, a methoxy-substituted carbene is found, which is a
promising candidate to further relieve the rearrangement route towards the heptafulvene. In
case of methoxycarbene, further experimental studies should be carried out to analyze the
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rearrangement reactions in consideration of an alternative route for heptafulvene synthesis.
From the theoretical point of view, also the bystander substituents R1/R2 (see Figure 4.1)
should be modified in the future research in order to further suppress the 1,2-phenyl shift,
and hence, favor the heptafulvene formation.
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5 Search for evidence – Understanding reactivity
and ambident behavior of barbiturate anions
5.1 Introduction
The systematic evaluation of the reactivity of organic reagents in synthesis is an interesting
issue with the aim of systematic characterization and description of the reactivity of impor-
tant and often utilized chemical compounds.[141–151] Such characterization can be carried
out by a detailed evaluation of the reaction kinetics observed.
A quite popular class of organic compounds are barbiturate anions, which nucleophilic re-
activity has been synthetically used from the beginning of the last century in typical organic
reactions such as Knoevenagel condensations.[152] In particular, the interest in barbituric
acid and its derivatives, especially for the pharmaceutical industry, originates from their
wide applicability in medicine, due to their anxiolytic and hypnotic properties.[153–160] How-
ever, regarding the reactivity of barbituric acid, the frequently occurring ambident behavior
is still not clarified. In some reactions with carbonyl compounds only the C-alkylation
products are obtained.[161,162] Then again, reactions with hexamethyldisilazane deliver ex-
clusively O-silylated pyrimidines[163] and phosphoryl chlorid gives trichloro pyrimidine.[164]
And still, alkylation reactions with tritylium ions,[165,166] dication ethers,[167,168] alkyl io-
dides,[169] dimethyl sulfate,[170] or diazomethane[171] result in varying amounts of C-, O- and
N-alkylated products.
A recent study[172] of the reactivity of barbiturate anions also addresses the above men-
tioned phenomenon of ambident reactivity, which is related to kinetic and thermodynamic
product control. The alkylation and the kinetics of this nucleophile-electrophile reaction is
studied by analyzing the conversion of the barbiturate anions with different types of ref-
erence electrophiles[142,173–177] (see Appendix C). Relating to the phenomenon of ambident
reactivity and regarding the different types of reference electrophiles some general reaction
scenarios can be derived (Figure 5.1):
• If barbiturates anions exhibit any ambident reactivity, it should be visible through
kinetics[178–182] of the alkylation reactions.
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Fig. 5.1. Some alkylation options of the barbiturate anion illustrating the ambident reactivity (top).
Schematic energy profile considering two types of the electrophiles (as used in the exper-
iment) and the ambident reactivity of the barbiturate anion (bottom).
• Due to ambident reactivity, also different products of the alkylation reaction should
be observed (e.g. C- vs. O-products).
• Cationic electrophiles should react with the negatively charged barbiturate anions more
easily than the neutral electrophiles.
In case of the typical nucleophile-electrophile reaction, the observed kinetics can be eval-
uated according to the model of Mayr .[141,151] From the kinetics the nucleophilicity pa-
rameters (which are a common quantity related to reactivity) of the investigated barbi-
turates are evaluated. The comprehensive reactivity scale by Mayr describes the kinetics
of a nucleophile-electrophile reaction by eq. 5.1. This equation expresses the dependency
of the second-order rate constant k2 on the nucleophilicity parameter N , the nucleophile-
specific slope-parameter sN , and the electrophilicity parameter E. By applying reference
89
5 Search for evidence – Reactivity and ambident behavior of barbiturate anions
electrophiles with known E-values and observing the kinetics of the barbiturate anion con-
version, the parameters N and sN are obtained.
log k2(20
◦C) = sN · (N + E) (5.1)
The k2 values are accessible from kinetic measurements by UV/Vis spectroscopy. The
nucleophile-electrophile reactions are usually second-order reactions. However, the nucle-
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Fig. 5.2. UV/Vis absorbancy A of the electrophile 3b (R2=OMe) versus the time for the alkylation
of MB (c = 1.273 · 10−3mol l−1) in DMSO at 20 ◦C. The small inset represents the
correlation of the obtained pseudo-first-order rate constants (kobs) with the nucleophile
concentration [N]=[MB].[172]
ophiles are added in large excess in the experimental setting. Hence the nucleophile con-
centration is almost constant during the reaction, so that the first-order rate law can be
applied. The pseudo-first-order rate constants kobs are obtained by fitting the exponential
function (eq. 5.2) to the plot of the UV/Vis absorbancy A of the electrophiles versus time t
(Figure 5.2).
At = A0 · exp(−kobs · t) + C (5.2)
Once the observed reaction rates kobs are plotted versus the corresponding different initial
concentrations [N], the second-order-rate constant k2 of a certain-electrophile combination
90
5 Search for evidence – Reactivity and ambident behavior of barbiturate anions
is derived from the slope of the line (Figure 5.2). This procedure is applied to determine the
k2-values of different nucleophile-electrophile-combinations.
The representation of the logarithm of k2 versus the known electrophilicity parameters E
of the used electrophiles is plotted in Figure 5.3. As a result, the nucleophilicity parameter N
of the investigated nucleophiles and the nucleophile-specific slope-parameter sN are obtained
from Figure 5.3 according to eq. 5.1 (Table 5.1).
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Fig. 5.3. Logarithmic plot of calculated k2-values of the barbiturate anion alkylations with reference
electrophiles versus the corresponding electrophilicity parameters E.[172]
The kinetic measurements were performed with the aim of determination of the nucle-
ophilicity parameter N , which is a quantity for the reactivity of the examined barbiturate
anions. This was successfully accomplished by the experimentalists,[172] but also some un-
expected observations were made. From Figure 5.3 some general aspects of the investigated
nucleophile-electrophile reactions can be derived. The N,N’ -dialkylated barbiturates show
a higher reaction rate than the unalkylated ones (MB > B, ESB > SB). This acceleration
of alkylation derives from the higher nucleophilicity of the N,N’ -dialkylated barbiturates,
caused by the electron-donating effect of the alkyl groups.[183] Compared to the oxobarbi-
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Tab. 5.1. Nucleophilicity N and nucleophile-specific splope-parameter sN of the investigated bar-
biturate anions in DMSO at 20 ◦C.[172]
barbiturate anion N sN
B 15.59 0.80
MB 17.46 0.72
SB 14.24 0.82
ESB 14.90 0.80
turates, the thiobarbiturates show some distinct slower kinetics (SB < B, ESB < MB),
which is obviously induced by the −M-effect of the thiocarbonyl group. Further, also the
substitution at the Michael -acceptors electrophiles (see Appendix, Table C.1 and C.2), and
hence the corresponding electrophilicity E systematically affect the kinetics. Obviously, the
electron-donating substituents R2 decrease the reaction rate in the following order: H >
OMe > NMe2. The reactivity of the electrophiles 2a (R2=H) and 2b (R2=OMe) in Fig-
ure 5.3 clearly shows this influence of the substituents R2. The same reactivity, regarding the
electrophile substitution, is also observed for all other electrophiles. Nevertheless the ben-
zylidenmalononitriles 5 and quinone methides 6 exhibit some significantly slower kinetics in
comparison to all other reference electrophiles, which is represented by the strong deviation
from the linear correlation of log k2 and E for 5 and 6 (see Figure 5.3). Interestingly, the
accelerating effect of the N,N’ -dialkylation of the barbiturate anions seems to be reversed to
some extent, i.e. the unalkylated barbiturates react faster with the malononitriles, than the
alkylated ones (B >MB, SB > ESB). However, the rate reducing effect of the thiocarbonyl
group remains unchanged.
This diverse kinetic behavior might result from ambident reactivity of barbiturate an-
ions. However, product analysis by NMR spectroscopy has not provided any evidence for
O-alkylation products for the investigated nucleophile-electrophile reactions.[172] Only prod-
ucts resulting from C-alkylation were found. Though, a detailed analysis of the detected
products with Michael -acceptor electrophiles shows, that the anionic C-products are fur-
ther transformed by hydrogen transfer to more stable anions (see Figure 5.4). At the same
time, the cationic electrophiles 1a-g react directly to the expected C-products without any
further conversion. In case of Michael -acceptor electrophiles the stability of the resultant
anionic products can be estimated by taking a closer look at the corresponding pKa-values
(Table 5.2). A better resonance stabilization of the anion correlates with the reducing of the
pKa-value. Hence, thermodynamically more stable products, as suggested by the pKa-values
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Fig. 5.4. Pathways of the alkylation of barbiturate anion with cationic (E⊕) and neutral elec-
trophiles (E), where cationic electrophiles form directly C-products, but the C-products
deriving from the alkylation with neutral electrophiles are capable to undergo subsequent
proton transfer reactions.
in Table 5.2, are formed by the subsequent proton transfer. If the C-alkylated product is
already the more stable anion, no further conversion by proton transfer to a more stable
anion is necessary.
Tab. 5.2. Conjugate acids of the investigated Michael -acceptor electrophiles and their pKa-values
in DMSO.[184,185]
conjugate acid pKa in DMSO
O
O
O
O
meldrum’s acid 7.3
O
O
indandione 7.8
DMSO/H2O (90:10)
O
O
O
N
N
H
H
barbituric acid 8.4
NC
NC
malonnitrile 11.0
O
2,6-di-tert-butylphenol 16.9
Still, the barbiturate anions are known for their ambident reactivity and a reference alky-
lation reaction of dimethylbarbiturate anion with trimethyloxonium tetrafluoroborate selec-
tively led to O-methylated products.[172] Unfortunately all the experimental investigations,
considering the kinetic studies as well as the product analysis, have not answered the main
question: why do the barbiturate anions exhibit an ambident reactivity with employed elec-
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trophiles only in certain cases? Although the hints, provided by the pKa values, may also
explain the deviation in the kinetics of the alkylation reactions with the reference elec-
trophiles, they do not provide a clear insight. In order to identify the main differences in
the deviating reactivity of the reference electrophiles and to characterize the found ambident
behavior of the studied barbiturates in detail, an extensive quantum chemical study provides
a convenient way of verifying the experimentally observed phenomena.
5.2 Computational details
All quantum chemical calculations were performed, using the TURBOMOLE 6.5[85] quan-
tum chemistry program package. The potential energy surface (PES) for each reaction
was explored, using density functional theory (DFT). The BP86[1, 2, 4, 86] functional with
the latest version of Grimme’s dispersion correction (D3[14, 17]) and TZVP[87, 88,115] basis
is applied. The minimum structures and transition state structures were confirmed by
analyzing the Hessian.[90] For the BP86-D3/TZVP geometry-optimized structures single-
point energies were calculated more accurately. Therefore several common functionals like
PBE0,[5, 86,114,116] TPSS,[6, 86,114,116] TPSSH[6, 9, 86,114,116] and PW6B95[19] with the D3 cor-
rection and the def2-TZVPP[117,118] basis set were employed (Figure 5.5). All functionals
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Fig. 5.5. Reaction profiles for different DFT functionals. All corresponding stationary points were
optimized with BP86-D3/TZVP. Single-point calculations were performed with PBE0,
PW6B95, TPSS and TPSSH functionals with D3 using def2-TZVPP basis.
give qualitatively the same results for the alkylation of the barbiturate anions with the
different electrophiles. However, for further discussion the results from the sophisticated
functional PW6B95 are employed. Solvent effects are included by applying the COSMO[89]
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solvation model (ε = 48), referring to DMSO (unless otherwise stated). The reported relative
energies are given in kJ mol−1 and they include the zero-point vibrational energy (ZPVE).
5.3 Results and discussion
5.3.1 Investigation setting
For the quantum chemical investigation, the experimentally analyzed barbiturates were lim-
ited to a subset of oxabarbiturate anions, that are the barbiturate anion B and the N,N’ -
dialkylated derivative MB (Figure 5.6). Further, the subset of the electrophiles was limited
to the cationic electrophile 1a and the neutral Michael -acceptors 2, 4, 5 and 6 (Figure 5.6).
a: R2 = H
b: R2 = OMe
c: R2 = NMe2
N
N
O
O
O
R
R
B:
MB:
R = H
R = Me
barbiturate anions
1a
cationic electrophile
O
OO
O
R2
2
O
O
N
N
O
R2
4
CN
NC
R2
5
O
R2
Ph
Ph
6
neutral electrophiles
Fig. 5.6. Subset of barbiturate anions and electrophiles that are used for the quantum chemical
investigations.
With the aim of detailed analysis and characterization of the alkylation reaction of the
barbiturate anion the following investigative approach is used. First, the single reaction steps
to the O- and C-alkylated products are modeled and evaluated with respect to the energet-
ics. Second, the subsequent proton transfer after the alkylation with neutral electrophiles
has been taken into account and the energetics is analyzed in terms of the experimentally
observed kinetics. Further, the alkylation reaction is exemplarily modeled, concerning the
presence of an explicit solvent molecule (e.g. microsolvation by DMSO) in the model system.
Finally, different model systems are compared and the concluding results are evaluated with
regard to the experimental findings.
5.3.2 Ambident reactivity of barbiturate anions – C- vs. O-alkylation
In accordance with the idea of ambident reactivity of the investigated barbiturate anions
in Figure 5.1 two general reaction coordinates, the (barbiturate)C−C(electrophile) axis
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and the (barbiturate)O−C(electrophile) axis, are introduced in order to model the C- and
O-alkylation respectively (Figure 5.7). In general, the reaction products of e.g. barbiturate
anion B (or MB) and the electrophile 5 (or 1, 2, 4 and 6) are denoted with C-B5a for
C-alkylation and O-B5a for O-alkylation. They are abbreviated by C-Pr and O-Pr for C-
and O-products.
R(CB −CE)
C-B+5a
(C-Pr)
C-alkylation
R(OB −CE)
O-B+5a
(O-Pr)
O-alkylation
Fig. 5.7. Reaction coordinate R(C−C) for C- and R(O−C) for O-alkylation. Consequent prod-
ucts of the alkylation reaction are abbreviated as C-Pr and O-Pr.
The reaction profiles for the alkylation reaction of the barbiturate anion B and the N,N’ -
dimethylated MB with the reference electrophiles 1a, 2a, 5a and 6b are illustrated in
Figure 5.8. As expected, the energy profile for the reaction with the cationic electrophile 1a
represents the straightforward alkylation of the barbiturate anions with cationic reference
electrophiles very well. In contrast, the alkylation reactions with neutral Michael -acceptor
electrophiles (2, 5 and 6) require a notably higher activation. The activation barriers for
C-alkylation with 2a, 5a and 6b increase in the order: 2a < 5a < 6b, which is in accordance
with the order of the electrophilicity by Mayr (see Table C.1)
Paying no attention to the both types of reference electrophiles and considering only the
ambident reactivity of the investigated barbiturates, it is clear, that C-alkylated products
are favored, since they are significantly lower in energy than the corresponding O-alkylated
products (Figure 5.8). Taking also a closer look at the reaction barriers, the alkylation at
C-atom is preferred, since the required activation energy is substantially lower than that for
the O-alkylation.
A comparison of both barbiturates B and MB also shows some differences in the corre-
sponding reaction profiles (Figure 5.8). The products C-Pr, resulting from the alkylation
of N,N’ -dimethylated barbiturate anion MB, are energetically lower than the C-products,
resulting from the alkylation of B. Moreover, the reaction barriers for the alkylation of MB
are clearly lower. Obviously, the electron-donating effect, originating from N,N’ -alkylation,
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leads to the beneficially higher nucleophilicity and lower activation barriers for the alkylation
of MB.
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Fig. 5.8. Reaction profiles for the alkylation of different barbiturate anions B and MB at C- or
O-atom. The corresponding transition states as well as the products are denoted with
C-TS/O-TS and C-Pr/O-Pr respectively. The lowest dispersion complex is set to zero
and the energy profiles are given from the PW6B95-D3/def2-TZVPP/COSMO single-
point calculations (ZPVE: BP86-D3/TZVP).
The reaction profiles for C- and O-alkylation of MB regarding different substitution R2 of
neutral reference electrophiles can similarly be compared (Figure 5.9). The electrophilicity
of the corresponding electrophile is decreased in the order: H > OMe > NMe2, which is
effected by a stronger electron-donating effect of R2 (H < OMe < NMe2). This decreasing
effect on the reactivity is also well reproduced by calculated energy profiles. The reaction
barriers are higher for the electrophiles with stronger electron-donating R2 (e.g. ∆E
‡ for
C-TS: 5a < 5b < 5c). Further, also the resultant products are energetically elevated in
comparison to the electrophiles with weaker R2 substituents (e.g. ∆E for C-Pr: 6b < 6c).
Considering the alkylations at the O-atom the reaction barriers grow in the same order as for
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the C-alkylations. This is the same for the relative stability of the resultant O-products. Still
the O-alkylated products are always energetically higher than the corresponding C-products.
Obviously, there is so far no evidence for ambident reactivity of the investigated barbitu-
rates. However, the effects of the N,N’ -dialkylation of the barbiturates, as well as the effects
of the R2 substituents on the electrophilicity of the reference electrophiles are well pictured
by the calculated energetics, as illustrated by the reaction profiles. So, the deviating kinetics
seems not to be originating from the phenomenon of ambident reactivity of the barbiturate
anions. Therefore further reactions illustrated in Figure 5.4 are considered bellow.
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Fig. 5.9. Reaction profiles for the alkylation of the N,N’ -dimethylated barbiturate anionMB at C-
or O-atom with neutral electrophiles 2a-b, 4c, 5a-c and 6b-c, where the substitution R2
of the electrophiles is varied. The corresponding transition states and the products are de-
noted with C-TS/O-TS and C-Pr/O-Pr respectively. The lowest dispersion complex is
set to zero and the energy profiles are given from the PW6B95-D3/def2-TZVPP/COSMO
single-point calculations (ZPVE: BP86-D3/TZVP).
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5.3.3 C-alkylation and subsequent proton transfer
As already indicated in Figure 5.4, apparently for theMichael -acceptor electrophiles a subse-
quent proton transfer takes place after the C-alkylation. Therefore, for the reaction systems
with neutral electrophiles, e.g. 2a-b and 5a-c, an intramolecular H-transfer for alkylation
products of B and MB was exemplarily modeled. The C-alkylated products B6 and MB6
are not capable to undergo an intramolecular proton transfer analogous to the neutral elec-
trophiles 2 and 5. Thus the reaction barriers for the intramolecular H-transfer could not be
obtained and only the final proton transfer products H-Pr (resulting from C-B6b-c and C-
MB6b-c) and their energetics is considered. C-alkylated products with Michael -acceptor 4
are similar to 2. Thus the H-transfer is modeled in the same manner. Further, for the alky-
lation products with cationic electrophiles, e.g. C-B1a and C-MB1a, no proton transfer is
possible (as previously explained).
From a geometrical point of view, the most simple way to model an intramolecular pro-
ton transfer in the present systems is the direct transfer of the methylene proton from the
barbiturate moiety (CB−H) to the anionic center at the electrophile moiety (H−CE) of the
C-product C-Pr (Figure 5.10). For reasons of simplification, products resulting from H-
R(CB −H)
B5a-H
(H-Pr)
C-B5a
(C-Pr)
R(H−CE  )
1 13
(H-TS)
12
Fig. 5.10. Reaction coordinates R(CB−H) and R(H−CE ) for the direct proton transfer from the
barbiturate moiety to the anionic center at the electrophile moiety. Starting from the C-
alkylated products C-Pr the products H-Pr are formed via the transition state H-TS.
transfer are generally denoted as H-Pr bellow. According to the above idea, the anionic
character of the barbiturate moiety is restored (compare Figure 5.4) once a proton is trans-
fered. Depending on the electrophile and the corresponding pKa value (Table 5.2), it was
already possible to estimate, which of the anions is likely to be generated and accordingly,
which proton transfer is reasonable. From these previous considerations, it can be concluded
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that the electrophiles 5 and 6 form less stable anionic C-alkylated products than the corre-
sponding anion at the barbiturate moiety, so that a subsequent proton transfer leading to
H-Pr might be reasonable. This idea is well approved by the results of quantum chemical
calculations, too.
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Fig. 5.11. Reaction profiles for the alkylation of different barbiturate anions B and MB at C-atom
and the subsequent H-transfer. The corresponding transition states and the products
are denoted with C-TS/H-TS and C-Pr/H-Pr respectively. For all systems, except
6 (only intermolecular proton transfer possible), an intramolecular proton transfer is
modeled. The lowest dispersion complex is set to zero and the energy profiles are given
from the PW6B95-D3/def2-TZVPP/COSMO single-point calculations (ZPVE: BP86-
D3/TZVP).
Comparison of the relative stabilities of C-Pr and H-Pr for the alkylation with the
electrophiles 2, 4, 5 and 6 leads to some general observations, concerning the C-alkylation
and the proton transfer (Figure 5.11 and Figure 5.12, Table 5.3). For the reaction with 2
and 4 the C-Pr are always energetically lower than the consequent H-Pr. The reaction
with 5 and 6 leads to less stable C-Pr in comparison to the resulting H-Pr. Interestingly,
the reaction barriers for the alkylation at C-atom are reduced by N,N’ -alkylation of the
barbiturate anion. At the same time, in that case the activation barriers of the proton
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transfer are increased. Thus, the H-transfer for the N,N’ -dimethylated barbiturate anion
MB requires notably more activation than B.
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Fig. 5.12. Reaction profiles for the alkylation of the N,N’ -dimethylated barbiturate anion MB
at C-atom and the subsequent H-transfer for the reaction with neutral electrophiles
2a-b, 4c, 5a-c and 6b-c, where the substituent R2 of the electrophiles is varied. The
corresponding transition states and the products are denoted with C-TS/H-TS and
C-Pr/H-Pr respectively. For all systems, except 6 (only intermolecular proton transfer
possible), an intramolecular proton transfer is modeled. The lowest dispersion complex is
set to zero and the energy profiles are given from the PW6B95-D3/def2-TZVPP/COSMO
single-point calculations (ZPVE: BP86-D3/TZVP).
For the electrophiles with +M-substituents R2 the reaction barriers for the proton transfer
grow in the same order as for the C-alkylation: H < OMe < NMe2 (Figure 5.12, Table 5.3).
This is in good agreement with the decreasing electrophilicity of electrophiles with stronger
electron-donating R2. The stability of consequent H-Pr falls in the reverse order (H > OMe
> NMe2) like for the stability of the alkylation products C-Pr.
The summary of the activation barriers and the relative energies in Table 5.3 for C-
alkylation and H-transfer provides clear evidence, that the utilized neutral electrophiles can
generally be differed in two types. The first type (type-I) of electrophiles (e.g. 2, 4) form
101
5 Search for evidence – Reactivity and ambident behavior of barbiturate anions
Tab. 5.3. The reaction barriers (∆E‡) for the alkylation at C-atom and for the proton transfer
reaction, as well as the relative energies (∆E) for the resultant products C-Pr and H-
Pr are given in kJ mol−1 and they are relative to the corresponding educts (barbiturate
anion + electrophile). (Single-point: PW6B95-D3/def-TZVPP; ZPVE: BP86-D3/TZVP)
PW6B95-D3/def2-TZVPP
nucleophile electrophile →C-Pr →H-Pr
∆E‡ ∆E ∆E‡ ∆E
B 1 a 0 −114 - -
MB a 0 −119 - -
B 2 a 21 −23 151 −21
MB a 12 −39 168 −17
b 18 −26 166 −5
MB 4 c 41 −8 168 25
B 5 a 26 2 116 −38
MB a 22 −3 123 −31
b 31 9 134 −19
c 42 24 136 −2
B 6 b 42 −4 - −59
MB b 33 −15 - −52
c 40 0 - −35
energetically favored C-Pr in comparison to H-Pr and the second type (type-II, e.g. 5, 6)
principally forms H-Pr, since they are energetically preferred in comparison to the corre-
sponding C-products. However, here, the reaction with the type-I electrophiles is determined
by the activation barrier of the C-alkylation. In contrast, the reaction barrier for the H-
transfer, which is significantly higher than ∆E‡ for the C-alkylation, is all-dominant for the
conversion of the barbiturates with type-II electrophiles.
5.3.4 Proton transfer reactions and tautomerism of C-alkylation products
The phenomenon of tautomerism is an expected occasion in the barbiturate moiety, related
to intramolecular proton transfer. The tautomerism in barbituric acids and its derivatives
has been extensively studied and thoroughly discussed in literature.[186–191] Generally, high
strain in the corresponding transition state structures leads often to very high activation
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barriers for tautomerism as long as an explicit solvation is not considered. However, consid-
ering the proton transfer in the previously discussed model (see Figure 5.4 and Figure 5.10),
further possible proton transfer routes are addressed in this section without paying attention
to microsolvation (see next section) and its influence on the activation barriers. The pro-
ton transfer reactions and tautomerism are modeled for products of the N,N’ -dimethylated
barbiturate anion MB with the neutral electrophiles 2a and 5a (refer to the corresponding
C-Pr).
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Fig. 5.13. Proton transfer reactions and tautomerism of C-MB2a. The reaction pathway to the
lowest product MB2a-4 is indicated by the dashed arrow. The energies are given in
kJ mol−1 and they are relative to the lowest dispersion complex. Relative energies (in
parentheses) and the activation barriers (in brackets) are given for PW6B95-D3/def2-
TZVPP/COSMO single-point calculations (ZPVE: BP86-D3/TZVP).
From the PES and the corresponding stationary points, the reaction scheme in Figure 5.13
is deduced for the C-products resulting from the reaction of MB with 2a. Some of the possi-
ble H-transfer reactions and keto-enol tautomerism, related to the corresponding C-Pr and
H-Pr, are illustrated. Obviously the tautomerism reaction barriers (∆E‡ & 230 kJ mol−1)
are rather high in comparison to the other proton transfer routes. The reaction pathway
to MB2a-1 features the lowest activation barrier (∆E‡ = 48 kJ mol−1) and therefore it
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might be the most probable route . The previously mentioned direct H-transfer to MB2a-
H is unfavored in that case (∆E‡ = 168 kJ mol−1) though. The multi-step H-transfer, C-
MB2a→MB2a-1→MB2a-2→MB2a-3→MB2a-H, is the lowest energy pathway leading
to H-Pr. Interestingly, the isomeric species MB2a-2 and MB2a-4 feature a characteristic
intermolecular hydrogen bond characterized by NMR spectroscopy between the barbiturate
oxygen and the oxygen of the meldrum’s acid. Here the proton is closer to the barbiturate
O-atom, as it is also indicated by the corresponding pKa (see Table 5.2). However only
MB2a-4 (∆E = −40 kJ mol−1) is thermodynamically as stable as the energetically lowest
species C-MB5a (∆E = −39 kJ mol−1). Hence it should occur in the reaction system.
Other species are rather unfavored in this model. Also considering the previously discussed
activation barriers for the alkylation at C-atom (see Table 5.3), the subsequent proton trans-
fer for the reaction system MB+2a is rather unlikely, due to the higher activation even for
the lowest energy pathway (Figure 5.13). Additionally, the C-alkylated products are almost
energetically comparable with MB2a-4 originating from the proton transfer reactions.
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In case of the C-alkylation product from the reaction of MB with 5a a detailed reac-
tion scheme is derived from the PES and the corresponding stationary points (Figure 5.14).
Again, the comparably high activation energy (∆E‡ & 240 kJ mol−1) is characteristic for
the keto-enol tautomerism, as in the case of C-MB5a. The lowest energy pathway is still
the direct H-transfer and the corresponding H-Pr, i.e. MB5a-H, is also the energeti-
cally favored species (∆E = −31 kJ mol−1). The formation of MB5a-1 already exhibits
a notably higher activation energy (∆E = 156 kJ mol−1). Thus the reaction pathway via
MB5a-1→MB5a-2→MB5a-3 to MB5a-H is rather unlikely.
5.3.5 Influence of microsolvation on the reaction mechanism and the
energetics of the alkylation
In the previous model systems concerning the alkylation reactions as well as the proton
transfer the solvent environment is only considered by the COSMO solvation model. Treat-
ing the solvent environment by a continuum solvation model might be sufficient in many
cases. However, it is not adequate, if the solvent is directly involved in the reaction. In the
experimental setting all previously discussed alkylation reactions are performed in dimethyl
sulfoxide (DMSO) solution. It means, that an impact of an explicit solvent molecule (mi-
crosolvation) has to be taken into account. Besides the alkylation reactions, DMSO might
be directly involved especially in the proton transfer reactions. Therefore, for H-transfer
reactions DMSO might be protonated either at S- or at O-atom. As known from former
research results, for the computational model, DMSO is considered to be protonated at oxy-
gen rather than at sulfur atom.[192,193] Exemplarily the reaction of barbiturate anion MB
and Michael -acceptor 5a is modeled (Figure 5.15).
As illustated in Figure 5.15 both possible alkylation reactions are actually not influenced
by the presence of a DMSO molecule in the model. However, regarding the proton transfer,
an alternative route appears due to the presence of DMSO. Starting form the alkylation
product C-MB5a (C-Pr) the proton can still be directly transferred forming MB5a-H
(H-Pr). On the alternative route, the DMSO molecule assists the transfer reaction, since it
is protonated in the first step. Further, the proton is then transferred from [H-DMSO]⊕
leading again to the corresponding H-Pr, which is MB5a-H.
Obviously, as summarized in Table 5.4, the reaction barriers for the alkylation reactions
are almost not influenced by microsolvation, and also the relative energies of C- and O-
products have the same order of magnitude. Though, this single solvent molecule influences
the proton transfer process to the extent, that an alternative solvent-assisted mechanism
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Fig. 5.15. Alkylation reaction of MB with 5a and the subsequent proton transfer considering
microsolvation by DMSO. The energies are given in kJ mol−1 and they are relative to
the lowest dispersion complex (barbiturate anion + electrophile). Relative energies (in
parentheses) and the activation barriers (in brackets) are given for PW6B95-D3/def2-
TZVPP/COSMO single-point calculations (ZPVE: BP86-D3/TZVP).
Tab. 5.4. The relative energies (∆E) and the reaction barriers (∆E‡) for the alkylation of MB and
the subsequent proton transfer reaction are given in kJ mol−1 and they are relative to the
corresponding educts (barbiturate anion + electrophile). The energies are given also for
the reaction of MB with 5a considering microsolvation by DMSO. For comparison, the
activation barrier for the DMSO-assited H-transfer is given (*). (Single-point: PW6B95-
D3/def-TZVPP/COSMO; ZPVE: BP86-D3/TZVP)
PW6B95-D3/def2-TZVPP
species MB+5a MB+5a+DMSO
∆E‡ ∆E ∆E‡ ∆E
O-TS 55 53
O-Pr 41 40
C-TS 22 31
C-Pr −3 5
H-TS 123 115
DMSO-assisted*:
48
H-Pr −31 −24
appears, as shown in Figure 5.15. In the DMSO-assisted H-transfer the main activation
barrier, i.e. the protonation of DMSO, is still almost two times lower (Table 5.4) compared
106
5 Search for evidence – Reactivity and ambident behavior of barbiturate anions
to the direct proton transfer. The barrier height appears to be mainly reduced by relieving
the strain in the transition state H-TS (which is the transition state from direct proton
transfer model). The DMSO molecule is directly involved in the reaction through inter-
acting with the transferred proton and intermediate formation of the protonated dimethyl
sulfoxide. This intermediate species is rather labile and quickly deprotonates releasing the
proton and leading toMB5a-H. Still, the reaction pathway for the direct H-transfer and the
corresponding 4-membered transition state exists in the present model. The corresponding
activation barrier for direct H-transfer remains almost the same (Table 5.4). Comparing
the reaction barriers for C- and O-alkylation, it is clear, that still the alkylation at C-atom
might be reasonable only (Table 5.4). Even though the H-transfer is relieved by the pres-
ence of DMSO, it still remains the rate-determining step and the productsMB5a-H are the
thermodynamically favored species in this reaction sequence (Table 5.4).
5.3.6 Proof of ambident reactivity by alkylation reaction with
trimethyloxonium tetrafluoroborate
Interestingly, the reference alkylation of MB in DCM (dichloromethane) with trimethylox-
onium tetrafluoroborate selectively led to O-methylated products (Figure 5.16).[172] Even
though there are other related examples in literature,[163,168,169] the selective alkylation at
O-atom of MB by [OMe3][BF4] could not be experimentally clarified and understood in
detail.
N
N
O
O
O+
[NBu4]
+ OMe2 + [NBu4][BF4]
DCM
[OMe3][BF4]
N
N
O
O
O
Fig. 5.16. Alkylation reaction of MB with trimethyloxonium tetrafluoroborate exclusively leading
to O-alkylated products.[172]
In order to analyze and further interpret the ambident reactivity of the barbiturate anion
in the above reaction different model systems considering barbiturate anion (B), the counter
cation (NEt4
⊕) and microsolvation by DCM are introduced for the theoretical study of C- and
O-alkylation (Figrue 5.17). The four model systems are established and denoted as follows:
• barbiturate anion B + [OMe3][BF4], COSMO (εDCM = 8.93) → 1©
• barbiturate anionB + [OMe3][BF4] + DCM (microsolvation), COSMO (εDCM = 8.93)
→ 2©
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• barbiturate anion B + counter cation ([NEt4]⊕) + [OMe3][BF4], COSMO (εDCM =
8.93) → 3©
• barbiturate anion B + counter cation ([NEt4]⊕) + [OMe3][BF4] + DCM (microsolva-
tion), COSMO (εDCM = 8.93) → 4©
Figure 5.17 shows the four different model systems exhibiting different complexity of the
reaction environment with respect to the methylation of B by trimethyloxonium tetraflu-
oroborate. In these models the reaction environment is basically influenced by the micro-
solvation by DCM. On the other hand, the introduction of the counter cation ([NEt4]
⊕)
might also affect the results of quantum chemical modeling. Therefore, all four system are
analyzed and evaluated in detail. A relation to the experiment is established as well.
 CH2Cl2
 [NEt4]
R(H3C−O)  
R(CB −CH3)
 barbiturate
anion
32 4
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Fig. 5.17. Different model systems ( 1©- 4©) for the computational investigation of the alkylation
of B by [OMe3][BF4] at C- or O-atom considering the counter cation ([NEt4]⊕) and the
microsolvation by DCM.
From the calculations (Figure 5.18), considering all four model systems, the alkylation of
B at C-atom always leads to the energetically more favored products in comparison to O-
alkylation. However the reaction barriers for both reaction routes strongly differ depending
on the model system, as explained in the following. For the most simple model 1© the
reaction pathways for C- and O-alkylation exhibit almost equal reaction barriers. Once,
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microsolvation is considered ( 2©), the activation barriers for the alkylation at C- and O-atom
slightly differ and the reaction pathway for C-alkylation is favored by 6 kJ mol−1. Regarding
these two model system, the formation of C-alkylated products is thermodynamically favored
and the role of the kinetics is almost negligible.
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Fig. 5.18. Reaction profiles for four different model systems ( 1©- 4©) for the alkylation of barbitu-
rate anion B with [OMe3][BF4] at C- or O-atom considering the counter cation ([NEt4]⊕)
and the microsolvation by DCM. The lowest dispersion complex is set to zero and the re-
action barriers, as well as the relative energies (in parentheses) are given in kJ mol−1 for
PW6B95-D3/def2-TZVPP/COSMO single-point calculations (ZPVE: BP86-D3/TZVP).
Introducing a counter cation further influences the energetics (Figure 5.18) though. Fore-
most, an extension of model 1© by [NEt4]⊕, which refers to system 3©, already significantly
affects the reaction barriers. The activation barrier for O-alkylation clearly falls below the
barrier for C-alkylation by almost 10 kJ mol−1. Further, if microsolvation is considered
(system 4©), the reaction barrier for the alkylation at O-atom is even nearer to the bottom,
which is approx. 17 kJ mol−1 below the C-alkylation route. Hence, due to the lower ac-
tivation barrier the O-alkylation becomes the kinetically preferred route, even though the
formation of C-alkylated products is thermodynamically favored.
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Interestingly, this obvious influence of the counter cation on the energetics of the alkylation
reaction and the alkylation in both positions has already been observed in connection with
reactions of ambident cyanid and pyridone anions.[178,179] According to the literature sources
the alkylation at O-atom can be explained by the blocking of the methylene C-atom in case of
the barbiturate anionB. The blocking happens due to the preferred interaction of soft cations
like silver or tetrabutylammonium with the softer position of the ambident anion, which is
the methylene carbon atom in the reaction system discussed. Since the C-atom is blocked
by the cation, the alkylation is forced to take place at the harder oxygen atom. However this
effect is only relevant to the alkylation in DCM, as it was used in the experiments related
to the present system. In case of alkylation reaction in DMSO, such an interaction between
cations and anions should be prevented, since DMSO is an excellent solvent for cations.
Generally, the limitations even of the most sophisticated model system 4©, consisting of
B, the counter cation [NEt4]
⊕, the alkylation reagent [OMe3][BF4] and a microsolvation by
one dichloromethane (DCM), should be kept in mind. Further upgrade of e.g. solvation
model to a bulk system certainly has a great impact on the energetics. It can be supposed
that a further improvement of the model towards a bulk system would force the O-alkylation
activation barrier to be shifted further below the activation barrier for C-alkylation.
5.3.7 Final discussion
The detailed model of the alkylation reaction of oxobarbiturate anions with a subset of
cationic and neutral electrophiles leads to an in-depth picture of the possible reaction routes
and the corresponding energetics.
All in all, for the alkylation of the investigated barbiturate anions (B,MB) with reference
electrophiles (1, 2, 4, 5, 6) no evidence for O-alkylation was found (Figure 5.8). The
obtained reaction profiles correlate with the reactivity as expected by the corresponding
electrophilicity values E of the employed electrophiles (Table C.1 and Table C.2), which leads
to the decreasing reactivity in the order: 1 > 2 > 4 > 5 > 6. Also the electron-donating
substituents R2 affected the calculated activation barriers (Figure 5.9) in accordance with
experimental observations. The stronger the electron-donating effect (R2: NMe2 > H),
the lower the electrophilicity and hence the reaction barriers for the alkylation reaction are
increased: a < b < c. Similarly, the N,N’ -dialkylation of barbiturate anion increases the
nucleophilicity and therefore the higher reaction rates are expected for MB in comparison
to B (Figure 5.8). This fact turns up by lower activation barriers, as it is obtained from
calculations.
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Nevertheless, referring to the results from kinetic measurements, shown in Figure 5.3, the
electrophiles 5 and 6 exhibit deviating (from the corresponding electrophilicity) and unex-
pected low reaction rates. As mentioned above, this slower kinetics can not be explained by
the ambident reactivity of the barbiturate anion. However, considering the characteristics of
the barbiturate anion, the involved Michael -acceptor electrophiles and the resulting prod-
ucts C-Pr, the relative stability of the occurring species can be estimated by comparing the
corresponding pKa-values (Table 5.2). From this idea a general concept of a subsequent pro-
ton transfer leading to more stable product H-Pr is derived (Figure 5.4). This model leads
to the conclusion, that the alkylation products with 2 and 4 are generally more stable than
the corresponding H-Pr (Table 5.3), which is also indicated by pKa-values. In contrast, the
C-Pr of 5 and 6 are less stable than the corresponding H-Pr (Table 5.3). Interestingly, also
the activation barriers for the proton transfer in reaction system B+5 are slightly decreased
in comparison to MB+5. This is opposite to the reaction barriers of the C-alkylation, but
it satisfies the observed kinetics as illustrated in Figure 5.3 (compare Table 5.3). From this
observation it seems to be reasonable to classify the involved neutral electrophiles into two
types: type-I electrophiles, which lead to the energetically favored alkylation products, and
type-II electrophiles, which lead to the energetically unfavored C-Pr and further react to
beneficial products H-Pr.
The idea of the subsequent proton transfer reaction is further proved by consideration
of few other proton transfer routes and the keto-enol tautomerism. Still, for the reaction
system MB+2a the C-alkylated products remain the thermodynamically favored species.
Therefore the activation barrier for the alkylation reaction is the rate-determining step for
the overall reaction sequence, if the possible proton transfer is also kept in mind (Figure 5.13
and Table 5.3). For the reaction system MB+5a, no other energetically reasonable route
for the subsequent proton transfer was found (Figure 5.14). The simple model of the direct
H-transfer from C-MB5a to MB5a-H exhibits the lowest activation barrier. This leads
to the thermodynamically preferred products H-Pr, which refers to the alkylation reaction
with type-II electrophiles.
In order to verify this observation the model system was further extended by an explicit
solvent molecule (microsolvation). The alkylation of MB with 5a was exemplarily studied
(Figure 5.15). Generally, no substantial effects on the alkylation reaction and the ener-
getics are observed. The relative energies, as well as the reaction barriers remain in the
same order of magnitude, where the formation of the C-alkylated products is still favored
(Table 5.4). For the subsequent proton transfer, an alternative solvent-assisted route was
found. The highest reaction barrier for the DMSO-assisted proton transfer is significantly
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lower in comparison to the direct H-transfer, but it is still higher than the activation barrier
for C-alkylation (Table 5.4). Hence it is the rate-determining step in this sequence.
Finally, the phenomenon of ambident reactivity was also studied for the alkylation of B
with trimethyloxonium tetrafluoroborate in dichloromethane (Figure 5.16). By introducing
the counter cation and considering microsolvation (Figure 5.17) the exclusive formation of
O-alkylated products can be understood by kinetic product control (Figure 5.18, compare
Figure 5.1), even though the C-alkylated products are thermodynamically favored.
5.4 Conclusion and outlook
The above observations for smooth alkylation of the cationic electrophiles and the unex-
pected reaction pathways for the alkylation of neutral electrophiles can be schematically
visualized as shown in Figure 5.19. The detailed analysis of the single reaction steps and the
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Fig. 5.19. Different reaction pathways and their energetics for the alkylation of barbiturate anions
with cationic and neutral electrophiles, where from the energetics point of view two
types of neutral electrophiles can be considered: type-I electrophiles (e.g. 2, 4) form
energetically favored C-Pr, and type-II electrophiles (e.g. 5, 6) prefer to undergo a
subsequent proton transfer to the energetically favored H-Pr. In any case, the C-Pr
formation of is favored in comparison to the alkylation at O-atom (e.g. C-MB1a).
energetics show that the neutral reference electrophiles exhibit different reactive behavior,
where a subsequent proton transfer has also to be considered in order to understand the ob-
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served kinetics (type-I and type-II electrophiles) from the experimental studies. Generally,
the alkylation at the O-atom is not important among the alkylation reactions with reference
electrophiles.
Since ambident reactivity of barbituric acids is a frequently discussed phenomenon, it was
also exemplarily studied by careful analysis of the reaction mechanism and the energetics of
the alkylation of barbiturate anion with trimethyloxonium tetrafluoroborate. The exclusive
O-alkylation occurs due to the kinetic product control for the alkylation at O-atom, even
though the C-alkylated products are thermodynamically favored.
In summary, detailed analysis of the reaction systems and application of a proper model
system for quantum chemical investigation have enabled thorough understanding and eval-
uation of the reactivity of the barbiturate anions and the experimentally observed kinetics
of the electrophilic alkylation. The step-by-step investigation led to the confirmation of the
diverse reactivity of the different electrophiles. Furthermore, the phenomenon of ambident
reactivity could be explained by an exemplary study. This exemplary approach can be ap-
plied to other barbiturate anion reaction systems exhibiting ambident reactivity in order to
clarify the elementary reaction mechanisms often leading to versatile alkylation products.
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In this thesis, three different reactions of polymer and organic chemistry were investigated. A
sophisticated data base is obtained by the state-of-the-art quantum chemical methods. This
data can be used for further theoretical and experimental studies in future. In the framework
of the computational investigation each of the research topics was carefully treated by estab-
lishing proper model systems and referencing to the chemical reality and the experimental
observations.
In Chapter 3, the investigation of the counter anion role in the acid (TFA) catalyzed
initiation of 2,2’-spiro[4H-1,3,2-benzodioxasiline] twin polymerization was performed using
three model systems (1M1T, 2M1T, 2M2T) of increasing complexity. A simple model con-
sisting of one twin monomer molecule and one trifluoroacetic acid molecule (system 1M1T)
has been extended by another monomer molecule (system 2M1T) and then by another acid
molecule (system 2M2T). The most complex model system 2M2T represents the most ade-
quate chemical reaction environment, since it includes all relevant reaction partners. This
extended model system exhibits the lowest activation barriers for the first steps of the organic
network formation during the polymerization process. It is shown that the cleavage of the
O−CH2 bridge of the twin monomer and the electrophile formation are the rate-determining
step (∆E‡ = 103 kJ mol−1). Additionally, in realistic reaction setting at 25 ◦C in the solu-
tion (CH2Cl2) or 85
◦C in the melt, the ring-opening reaction still remains the all-dominant
reaction step. Comparison of these results (the model system 2M2T) with the results of the
formerly established proton-catalyzed model shows that the incorporation of the counter
anion into the model has a crucial effect on the barrier height of the main reaction steps
(Figure 3.26). This effect results in an approx. three times higher ∆E‡ for the ring-opening
reaction compared to the former studies (Figure 3.26). Additionally, an overall activation
barrier of 15 kJ mol−1 is found for the electrophilic substitution. This originates from the
proton elimination of the σ-complex, while the addition reaction is almost barrierless. At
the end, it has been shown that the barriers for the elementary reaction steps of the organic
network formation were underestimated. The above findings clearly show, that for a detailed
understanding of the reaction mechanism, the anion plays an important role as a reactant
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but not as a spectator. Thus, the anion has to be included into consideration to better
understand and model the structure formation processes in future.
Unexpected rearrangement reactions of the tritylcarbenes are presented in Chapter 4. The
parent cyanotritylcarbene, which subsequently results from the decomposition of the short-
lived tritylethenyl azide, manifests versatile rearrangement pathways (Figure 4.17), in which
the singlet-state case is more probable. The elusive singlet carbene barely exists, since it is
not a minimum on the PES for the most of the DFT functionals. This volatile tritylcarbene
produces not only the corresponding triphenylethene by a zero-barrier 1,2-phenyl shift, but
also the isomeric heptafulvene, which results from an exceptional bicyclobutane intermedi-
ate. Once the bicyclobutane intermediate is formed, two competing reaction pathways to
ethene and to the heptafulvene exist. This rearrangement pathways can not be distinguished
experimentally. The computational investigation has shown that the heptafulvene route is
energetically more beneficial, but the direct 1,2-phenyl shift is always favored in case of the
cyanotritylcarbene. The obtained results show, that the competing rearrangement routes
always exist in tritylcarbenes. From a subset of the modified tritylcarbenes (variation of
the spectator substituent R3), a certain carbene system was identified, where the main rear-
rangement route alters (Figure 4.18). The amino- and especially the methoxycarbene might
be capable to rearrange readily to the heptafulvene, which would result in a higher yield
of this side product. Interestingly, the lax 1,2-migration is suppressed (compared to other
studied carbenes) in case of the methoxycarbene, while the reaction to heptafulvene via the
bicyclobutane intermediate is further relieved. Surprisingly, in the rearrangement of the
phenyl-substituted carbene, the competing “cleavage b” of the intermediate bicyclobutane
might play a role in the formation of the ethene, even though the 1,2-phenyl shift is still
favored. Generally, the unexpected formation of the bicyclobutane intermediate and the
subsequent ring expansion provide explanation for the formation of the heptafulvene as a
side product. By modifying the tritylcarbene system, a methoxy-substituted carbene was
found as a most promising candidate to enable the rearrangement route towards the hepta-
fulvene. In case of methoxycarbene, further experimental studies should be carried out to
analyze the rearrangement reactions in consideration of an alternative route for heptafulvene
synthesis.
Chapter 5 presents a theoretical investigation of the barbiturate anions reactivity. The
detailed analysis of the single reaction steps of the barbiturate anions alkylation with the
reference electrophiles provided a deep insight into the experimentally observed kinetics. The
computed energetics shows that the neutral reference electrophiles exhibit specific reactive
behavior (Figure 5.19), where a subsequent proton transfer has also to be considered in order
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to understand the results of the kinetic measurements (Figure 5.3). Generally, the alkylation
at the O-atom is considered to be of minor importance among the alkylation reactions
with reference electrophiles. However, frequently discussed ambident reactivity of barbituric
acids was an origin of the exemplary study through careful analysis of the mechanism and
energetics of the reaction of barbiturate anion with trimethyloxonium tetrafluoroborate.
In order to create a sophisticated model, the counterion and microsolvation effects were
considered (Figure 5.17). Therefore, the advanced model consists of the barbiturate anion,
the counter cation, the alkylation reagent [OMe3][BF4] and the solvent molecule. The
computational results for this model (Figure 5.18) explain the exclusive formation of the
O-alkylated products found in the experimental studies. The O-alkylation occurs due to the
kinetic product control for the alkylation at O-atom, even though the C-alkylated products
are thermodynamically favored. In summary, the systematic tunning of the computational
model enables deep insights into the specific reactivity of the studied barbiturate anions.
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Appendix A
Building suitable models – Quantum chemical
investigation of the counter anion in the
acid-catalyzed twin polymerization of spiro
monomer
The obtained data from primarily performed quantum chemical calculations is summarized
below. The energy values and the zero-point vibrational energy (ZPVE) of BP86-D3 opti-
mized structures, as well as the PW6B95-D3 single-point energy values for the stationary
points regarding the model systems 1M1T (Table A.1), 2M1T (Table A.3), and 2M2T (Ta-
ble A.5) are given in Hartree for the varying ε-values (ε = 0, 1, 5, 10, 50,∞). The freeh
module in the TURBOMOLE 6.5 program package[85] is used to calculate enthalpy H, en-
tropy S and chemical potential µ. The ZPVE was scaled by a scaling factor f = 0.9914.
The obtained values for the reaction temperature of 25 ◦C (298.15 K) and 85 ◦C (358.15 K)
are given below (Table A.2, Table A.4 and Table A.6). The Gibbs free energy G can be
calculated by adding the chemical potentials µ to the electronic energy E (for details refer
to freeh module in TURBOMOLE 6.5[85]).
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Tab. A.1. Model system 1M1T: energy values and ZPVE of optimized molecular and transition
state structures at BP86-D3/SVP/COSMO (ε =∞) level of theory (2nd and 3rd col-
umn). Single-point energies at PW6B95-D3/def2-TZVPP/COSMO (ε =∞, 50, 10, 5,
1, 0) level of theory (4th to 9th column). All units are given in Hartree.
BP86-D3 PW6B95-D3
ε =∞ ε =∞ ε = 50 ε = 10 ε = 5 ε = 1 ε = 0
species E ZPV E E
1 -1657.156051 0.269140 -1660.581016 -1660.580434 -1660.578257 -1660.575836 -1660.563577 -1660.537505
1-TS-5 -1657.112568 0.262256 -1660.532797 -1660.531650 -1660.527429 -1660.522849 -1660.501136 -1660.460453
5 -1657.158377 0.269101 -1660.584055 -1660.583343 -1660.580710 -1660.577834 -1660.563968 -1660.537296
5-TS-2* -1657.112214 0.263355 -1660.538116 -1660.536572 -1660.530896 -1660.524748 -1660.496005 -1660.447495
2* -1657.116170 0.264499 -1660.540215 -1660.538797 -1660.533585 -1660.527938 -1660.501367 -1660.453575
1*-TS-2* -1657.115994 0.262513 -1660.536858 -1660.535663 -1660.531253 -1660.526455 -1660.503558 -1660.460589
1* -1657.157484 0.269123 -1660.581259 -1660.580628 -1660.578280 -1660.575686 -1660.562773 -1660.536123
1*-TS-6 -1657.144572 0.266787 -1660.558128 -1660.557484 -1660.555090 -1660.552450 -1660.539369 -1660.512714
6 -1657.154698 0.269832 -1660.574031 -1660.573348 -1660.570818 -1660.568038 -1660.554408 -1660.527159
6-TS-7 -1657.122569 0.266259 -1660.539866 -1660.538768 -1660.534723 -1660.530327 -1660.509445 -1660.470651
7 -1657.123903 0.266728 -1660.545990 -1660.544678 -1660.539845 -1660.534594 -1660.509712 -1660.465479
7-TS-8 -1657.116144 0.264324 -1660.540027 -1660.539267 -1660.536457 -1660.533384 -1660.518499 -1660.489216
8 -1657.120307 0.264872 -1660.545216 -1660.544550 -1660.542084 -1660.539380 -1660.526184 -1660.499890
Tab. A.2. Model system 1M1T: Enthalpy, entropy and chemical potential of stationary points
at BP86-D3/SVP/COSMO (ε =∞) level of theory. ZPVE was scaled by a factor
f = 0.9914. The values are given for the reaction temperature of 25 ◦C (298.15 K)
and 85 ◦C (358.15 K).
BP86-D3
T = 298.15 K T = 358.15 K
H S µ H S µ
species [kJ mol−1] [kJ mol−1K−1] [kJ mol−1] [kJ mol−1] [kJ mol−1K−1] [kJ mol−1]
1 763.99 0.70030 555.20 788.67 0.77553 510.91
1-TS-5 746.86 0.71155 534.71 771.70 0.78731 489.72
5 763.86 0.69148 557.70 788.64 0.76704 513.92
5-TS-2* 750.21 0.71283 537.68 775.06 0.78861 492.62
2* 753.83 0.70225 8 544.45 779.06 0.77917 500.00
1*-TS-2* 747.38 0.71029 535.61 772.19 0.78593 490.71
1* 764.05 0.69200 557.73 788.68 0.76712 513.94
1*-TS-6 754.41 0.66899 554.95 778.48 0.74237 512.60
6 763.99 0.67635 562.34 788.52 0.75115 519.50
6-TS-7 755.61 0.69070 549.68 780.31 0.76602 505.96
7 758.88 0.69833 550.67 784.15 0.77539 506.44
7-TS-8 753.92 0.72492 537.79 779.18 0.80193 491.97
8 757.19 0.72728 540.35 782.80 0.80536 494.36
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Tab. A.3. Model system 2M1T: Energy values and ZPVE of optimized molecular and transition
state structures at BP86-D3/SVP/COSMO (ε =∞) level of theory (2nd and 3rd col-
umn). Single-point energies at PW6B95-D3/def2-TZVPP/COSMO (ε =∞, 50, 10, 5,
1, 0) level of theory (4th to 9th column). All units are given in Hartree.
BP86-D3 PW6B95-D3
ε =∞ ε =∞ ε = 50 ε = 10 ε = 5 ε = 1 ε = 0
species E ZPV E E
1.1 -2787.869934 0.500483 -2793.549820 -2793.548854 -2793.545269 -2793.541325 -2793.521963 -2793.483426
1.1-TS-2.1 -2787.826648 0.494838 -2793.496824 -2793.495458 -2793.490457 -2793.485067 -2793.459841 -2793.412616
2.1 -2787.832646 0.497116 -2793.507786 -2793.506222 -2793.500501 -2793.494349 -2793.465736 -2793.413051
2.1-TS-3.1 -2787.831710 0.496213 -2793.506013 -2793.504413 -2793.498545 -2793.492207 -2793.462433 -2793.406811
3.1 -2787.836475 0.498838 -2793.512980 -2793.511176 -2793.504555 -2793.497401 -2793.463786 -2793.401326
3.1-TS-4.1 -2787.833337 0.496470 -2793.505721 -2793.504046 -2793.497906 -2793.491284 -2793.460411 -2793.404768
4.1 -2787.882151 0.501705 -2793.563779 -2793.562544 -2793.558000 -2793.553066 -2793.529608 -2793.485078
Tab. A.4. Model system 2M1T: Enthalpy, entropy and chemical potential of the stationary points
at BP86-D3/SVP/COSMO (ε =∞) level of theory. ZPVE was scaled by a factor
f = 0.9914. The values are given for the reaction temperature of 25 ◦C (298.15 K)
and 85 ◦C (358.15 K).
BP86-D3
T = 298.15 K T = 358.15 K
H S µ H S µ
species [kJ mol−1] [kJ mol−1K−1] [kJ mol−1] [kJ mol−1] [kJ mol−1K−1] [kJ mol−1]
1.1 1411.90 1.04259 1101.05 1455.22 1.17465 1034.52
1.1-TS-2.1 1396.67 1.05889 1080.96 1439.95 1.19083 1013.45
2.1 1404.14 1.03593 1095.28 1447.88 1.16927 1029.11
2.1-TS-3.1 1400.31 1.04291 1089.37 1443.58 1.17480 1022.83
3.1 1406.89 1.02177 1102.25 1450.22 1.15387 1036.96
3.1-TS-4.1 1399.62 1.03976 1089.62 1442.57 1.17072 1023.28
4.1 1414.22 1.03402 1105.93 1457.66 1.16646 1039.89
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Tab. A.5. Model system 2M2T: The electrophilic substitution is considered in ortho- as well as in
para-position. Species in para-position are denoted by an asterisk (*). Energy values and
ZPVE of optimized molecular and transition state structures at BP86-D3/SVP/COSMO
(ε = ∞) level of theory (2nd and 3rd column). Single-point energies at PW6B95-
D3/def2-TZVPP/COSMO (ε =∞, 50, 10, 5, 1, 0) level of theory (4th to 9th column).
All units are given in Hartree.
BP86-D3 PW6B95-D3
ε =∞ ε =∞ ε = 50 ε = 10 ε = 5 ε = 1 ε = 0
species E ZPV E E
1.2 -3314.350186 0.539379 -3321.177970 -3321.177181 -3321.174249 -3321.171015 -3321.154961 -3321.121801
1.2-TS-2.2 -3314.313308 0.533823 -3321.134774 -3321.133614 -3321.129343 -3321.124701 -3321.102496 -3321.059470
2.2 -3314.319796 0.535725 -3321.142714 -3321.141387 -3321.136505 -3321.131206 -3321.106006 -3321.057831
2.2-TS-3.2 -3314.318400 0.535567 -3321.141687 -3321.140411 -3321.135700 -3321.130564 -3321.105806 -3321.057233
3.2 -3314.323950 0.537313 -3321.149588 -3321.148172 -3321.142958 -3321.137291 -3321.110243 -3321.058346
3.2-TS-4.2 -3314.317071 0.532834 -3321.138961 -3321.137612 -3321.132640 -3321.127226 -3321.101318 -3321.051724
4.2 -3314.358364 0.539591 -3321.191897 -3321.190822 -3321.186826 -3321.182422 -3321.160658 -3321.116764
2.2* -3314.323002 0.535495 -3321.147139 -3321.145794 -3321.140808 -3321.135339 -3321.108586 -3321.054993
2.2*-TS-3.2* -3314.322337 0.535502 -3321.146567 -3321.145142 -3321.139879 -3321.134130 -3321.106267 -3321.051049
3.2* -3314.326731 0.537233 -3321.155515 -3321.153885 -3321.147891 -3321.141388 -3321.110424 -3321.050819
3.2*-TS-4.2* -3314.315350 0.532963 -3321.136756 -3321.135624 -3321.131442 -3321.126869 -3321.104679 -3321.060643
4.2* -3314.350500 0.538912 -3321.186718 -3321.185692 -3321.181892 -3321.177727 -3321.157376 -3321.116532
Tab. A.6. Model system 2M2T: Enthalpy, entropy and chemical potential of the stationary points
at BP86-D3/SVP/COSMO (ε =∞) level of theory. ZPVE was scaled by a factor
f = 0.9914. The values are given for the reaction temperature of 25 ◦C (298.15 K)
and 85 ◦C (358.15 K).
BP86-D3
T = 298.15 K T = 358.15 K
H S µ H S µ
species [kJ mol−1] [kJ mol−1K−1] [kJ mol−1] [kJ mol−1] [kJ mol−1K−1] [kJ mol−1]
1.2 1532.74 1.18207 1180.31 1582.94 1.33511 1104.77
1.2-TS-2.2 1518.30 1.19156 1163.04 1568.44 1.34445 1086.93
2.2 1524.36 1.18124 1172.17 1575.00 1.33566 1096.63
2.2-TS-3.2 1522.55 1.20522 1163.21 1572.65 1.35799 1086.29
3.2 1527.16 1.18966 1172.46 1577.39 1.34279 1096.47
3.2-TS-4.2 1514.03 1.19901 1156.55 1563.88 1.35099 1080.02
4.2 1532.68 1.17180 1183.31 1583.12 1.32559 1108.36
2.2* 1524.10 1.216990 1161.25 1574.69 1.371260 1083.57
2.2*-TS-3.2* 1521.89 1.199120 1164.37 1571.87 1.351540 1087.82
3.2* 1526.70 1.189370 1172.09 1576.90 1.342440 1096.11
3.2*-TS-4.2* 1514.57 1.193110 1158.84 1564.52 1.345380 1082.67
4.2* 1532.02 1.202110 1173.61 1582.56 1.356190 1096.84
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Tracking volatile intermediates – Computational
investigation on the rearrangement mechanism of
tritylcarbenes
The obtained data from primarily performed quantum chemical calculations is summarized
below. Geometrical parameters for optimized structures for singlet (s) and triplet (t) state
species related to the parent cyanotritylcarbene are given in Figure B.1–B.3. The energy
values and the zero-point vibrational energy (ZPVE) of B3LYP-D3 optimized structures,
as well as the single-point energy values for the stationary points are given in Hartree for
the investigated tritylcarbenes in Table B.1 and Table B.4–B.9. Calculated data from the
single-point inc-CCSD(T)(F12*)/cc-pVDZ-F12 calculations for selected singlet-state species
is also given (Table B.2 and Table B.3).
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Fig. B.1. Geometry-optimized structures of the singlet (s) state species from the decomposition of
8a and the rearrangement of 9as at B3LYP-D3/TZVP level of theory. Bond lengths are
given in Å.
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Fig. B.2. Geometry-optimized structures of the triplet (t) state species for the rearrangement
9at→3at and 9at→4at at B3LYP-D3/TZVP level of theory. Bond lengths are given
in Å.
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Fig. B.3. Geometry-optimized structures of the triplet (t) state species for the rearrangement
4at→5at at B3LYP-D3/TZVP level of theory. Bond lengths are given in Å.
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Tab. B.1. Energy values and ZPVE for the optimized molecular and transition state structures
for the decomposition of the azide 8a and the rearrangement of the singlet carbene 9as
at B3LYP-D3/TZVP level of theory (2nd and 3rd column). Single-point energies for
BP86-D3, PBE0-D3, TPSSH-D3 and PW6B95-D3, and def2-QZVPP basis (4th to 7th
column). All units are given in Hartree.
B3LYP-D3 BP86-D3 PBE0-D3 TPSSH-D3 PW6B95-D3
species E ZPV E E
N2 -109.515128 0.005603 -109.586382 -109.451495 -109.577990 -109.709164
8a -973.127275 0.302186 -973.885440 -972.647436 -973.874284 -975.076638
10a -973.094043 0.297988 -973.850902 -972.604034 -973.839245 -975.036683
9as -863.647704 0.290823 -864.319025 -863.218036 -864.325123 -865.399473
2as -863.647672 0.290560 -864.319913 -863.218907 -864.325937 -865.400150
3as -863.766242 0.293633 -864.431168 -863.334354 -864.438114 -865.516027
11as -863.643236 0.290927 -864.316508 -863.215980 -864.322633 -865.396682
12as -863.631935 0.290395 -864.309653 -863.208967 -864.314071 -865.387708
4as -863.672103 0.292549 -864.345946 -863.255092 -864.355138 -865.433239
13as -863.656192 0.290995 -864.331429 -863.235346 -864.337190 -865.413959
14as -863.670697 0.291909 -864.340948 -863.244434 -864.346558 -865.423542
15as -863.659930 0.291135 -864.335828 -863.227092 -864.335226 -865.407143
5as -863.717961 0.292677 -864.384310 -863.283647 -864.388178 -865.464274
Tab. B.2. Single-point absolute energies at the inc-CCSD(T)(F12*)/cc-pVDZ-F12 level of theory
for the selected singlet-state (s) species. All units are given in Hartree. (EHF – absolute
Hartree-Fock energy; Ecorr – absolute correlation energy)
cc-pVDZ-F12
EHF Ecorr
species HF+CABS MP2-F12 inc-MP2-F12 inc-CCSD(F12*)(T) inc-CCSD(F12*)(T)|MP2-F12
N2 -108.988149 -0.415353 0.000000 0.000000 0.000000
8a -967.481789 -4.310042 -4.316709 -4.384505 -4.377838
2as -858.568043 -3.851205 -3.860932 -3.939092 -3.929365
11as -858.563549 -3.853876 -3.856542 -3.936236 -3.933570
3as -858.694386 -3.843788 -3.849847 -3.929090 -3.923031
12as -858.539945 -3.867229 -3.870036 -3.945763 -3.942957
4as -858.597502 -3.859114 -3.853539 -3.930544 -3.936119
13as -858.568651 -3.873629 -3.890237 -3.956916 -3.940308
14as -858.593814 -3.850992 -3.851419 -3.934664 -3.934237
15as -858.555824 -3.875217 -3.875285 -3.952140 -3.952073
5as -858.641282 -3.842486 -3.842235 -3.925831 -3.926082
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Tab. B.3. Single-point relative energies at the inc-CCSD(T)(F12*)/cc-pVDZ-F12 level of theory for
the selected singlet-state (s) species. All energy values are given in kJ mol−1 and they
are relative to 8d. (EHF – absolute Hartree-Fock energy; Ecorr – absolute correlation
energy; ∆E – reaction energy)
cc-pVDZ-F12
∆EHF ∆Ecorr ∆E ∆(E + ZPV E)
species HF+CABS inc-CCSD(F12*)(T)|MP2-F12
N2 0 0 0 0
8a 0 0 0 0
2as -195 87 -108 -124
11as -184 76 -108 -122
3as -527 104 -423 -431
12as -122 51 -70 -87
4as -273 69 -203 -214
13as -197 58 -139 -153
14as -263 74 -189 -201
15as -163 27 -136 -150
5as -388 96 -292 -302
Tab. B.4. Energy values and ZPVE for the optimized molecular and transition state structures
for the rearrangement of the triplet carbene 9at at B3LYP-D3/TZVP level of theory
(2nd and 3rd column). Single-point energies for BP86-D3, PBE0-D3, TPSSH-D3 and
PW6B95-D3 with def2-QZVPP basis (4th to 7th column). All units are given in Hartree.
B3LYP-D3 BP86-D3 PBE0-D3 TPSSH-D3 PW6B95-D3
species E ZPV E E
9at -863.656752 0.290161 -864.323707 -863.227411 -864.332765 -865.403450
2at -863.629020 0.288306 -864.302431 -863.203692 -864.308819 -865.378405
3at -863.713094 0.290926 -864.379836 -863.282923 -864.387572 -865.459240
11at -863.611952 0.288650 -864.286050 -863.186461 -864.291952 -865.359982
4at -863.630778 0.289172 -864.301918 -863.209037 -864.309929 -865.380056
16at -863.579700 0.287535 -864.254984 -863.152331 -864.259577 -865.326648
17at -863.621989 0.289778 -864.288550 -863.192570 -864.297521 -865.367666
18at -863.595410 0.288435 -864.270528 -863.169731 -864.276524 -865.345364
19at -863.613186 0.289482 -864.286217 -863.190116 -864.293856 -865.365294
20at -863.612215 0.288311 -864.286613 -863.187740 -864.292606 -865.363268
21at -863.562373 0.287628 -864.237885 -863.133762 -864.241120 -865.307148
22at -863.606014 0.289721 -864.276789 -863.175205 -864.281813 -865.350058
23at -863.572233 0.286665 -864.245915 -863.133712 -864.247269 -865.312437
24at -863.590258 0.286440 -864.259987 -863.148611 -864.262391 -865.330345
25at -863.590032 0.286477 -864.261180 -863.148403 -864.262700 -865.329962
26at -863.589049 0.287775 -864.264989 -863.160611 -864.268766 -865.334475
27at -863.618943 0.289676 -864.287169 -863.187640 -864.294047 -865.362986
28at -863.568243 0.285324 -864.243540 -863.129341 -864.244160 -865.308414
29at -863.595293 0.285645 -864.263167 -863.153807 -864.266751 -865.335603
30at -863.589901 0.286281 -864.261838 -863.148518 -864.262969 -865.329321
5at -863.686787 0.290730 -864.356387 -863.255016 -864.361208 -865.431952
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Tab. B.5. Energy values and ZPVE for the isomeric species 9a, 3a, 4a and 5a, and the correspond-
ing electronic states (s, t and t-frozen) for the calculation of the adiabatic and vertical
singlet-triplet energy separations at B3LYP-D3/TZVP level of theory (2nd and 3rd col-
umn) and single-point energies for BP86-D3, PBE0-D3, TPSSH-D3 and PW6B95-D3,
and def2-QZVPP basis (4th to 7th column). All units are given in Hartree.
B3LYP-D3 BP86-D3 PBE0-D3 TPSSH-D3 PW6B95-D3
species E ZPV E E
9as -863.647704 0.290823 -864.319025 -863.218036 -864.325123 -865.399473
9at -863.656772 0.290150 -864.323700 -863.227428 -864.332767 -865.403497
9at−frozen -863.615560 0.289399 -864.288559 -863.189837 -864.295921 -865.366004
3as -863.766242 0.293633 -864.431168 -863.334354 -864.438114 -865.516027
3at -863.713092 0.290916 -864.379832 -863.282917 -864.387566 -865.459212
3at−frozen -863.668675 0.289300 -864.340285 -863.237680 -864.344360 -865.415359
4as -863.672103 0.292549 -864.345946 -863.255092 -864.355138 -865.433239
4at -863.630777 0.289184 -864.301919 -863.209035 -864.309924 -865.380091
4at−frozen -863.568689 0.286116 -864.247197 -863.153438 -864.254909 -865.326980
5as5ds -863.717961 0.292677 -864.384310 -863.283647 -864.388178 -865.464274
5at5dt -863.686783 0.290743 -864.356391 -863.255018 -864.361209 -865.431935
5at−frozen -863.639610 0.287177 -864.310636 -863.206492 -864.313004 -865.383361
Tab. B.6. Energy values and ZPVE for the optimized molecular and transition state structures
for the rearrangement of H-, Ph- and OH- substituted singlet carbene 9s at B3LYP-
D3/TZVP level of theory. All units are given in Hartree.
B3LYP-D3/TZVP
−H −Ph −OH
species E ZPV E E ZPV E E ZPV E
9s -771.405503 0.291646 -1002.399897 0.373130 -846.668719 0.298653
2s - - -1002.396792 0.371991 -846.643861 0.296593
3s -771.539270 0.295080 -1002.527155 0.375442 -846.759894 0.299347
11s -771.402622 0.291989 -1002.393973 0.372637 -846.640479 0.296800
12s -771.388859 0.290451 -1002.421935 0.374644 -846.595516 0.294909
4s -771.439682 0.293550 -1002.432925 0.374354 -846.657458 0.297765
13s -771.427940 0.292287 -1002.421579 0.372815 -846.643880 0.296212
14s -771.444701 0.293438 -1002.435338 0.373799 -846.661365 0.297475
15s -771.428784 0.292106 -1002.419261 0.372435 -846.647020 0.296027
5s -771.492478 0.294801 -1002.481438 0.374335 -846.712869 0.298279
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Tab. B.7. Energy values and ZPVE for the optimized molecular and transition state structures for
the rearrangement of OMe-, NH2- and NMe2- substituted singlet carbene 9s at B3LYP-
D3/TZVP level of theory. All units are given in Hartree.
B3LYP-D3/TZVP
−OMe −NH2 −NMe2
species E ZPV E E ZPV E E ZPV E
9s -885.959565 0.325824 -826.816022 0.311397 -905.396127 0.366766
2s -885.914450 0.323881 -826.775251 0.308597 -905.355007 0.364135
3s -886.044218 0.327026 -826.891228 0.312074 -905.469939 0.367729
11s -885.929174 0.324456 -826.775086 0.309299 -905.355133 0.364661
12s -885.885326 0.322940 -826.738559 0.307472 -905.331321 0.363621
4s -885.941506 0.325610 -826.786953 0.310476 -905.367984 0.366143
13s -885.932075 0.324368 -826.774931 0.309145 -905.365124 0.365224
14s -885.947014 0.325491 -826.788270 0.310182 -905.369746 0.365718
15s -885.934990 0.324105 -826.783788 0.309089 -905.367201 0.364629
5s -886.001007 0.326583 -826.845836 0.311079 -905.424737 0.366736
Tab. B.8. Energy values and ZPVE for the optimized molecular and transition state structures for
the rearrangement of Br-, Cl- and F- substituted singlet carbene 9s at B3LYP-D3/TZVP
level of theory. All units are given in Hartree.
B3LYP-D3/TZVP
−Br −Cl −F
species E ZPV E E ZPV E E ZPV E
9s -3344.863724 0.282606 -1230.980072 0.283249 -870.674215 0.284929
2s -3344.858368 0.281642 -1230.973377 0.282221 -870.662669 0.283673
3s -3344.978011 0.284563 -1231.094269 0.285270 -870.785365 0.287043
11s -3344.855240 0.282121 -1230.970018 0.282719 -870.658558 0.284115
12s -3344.825885 0.281163 -1230.937592 0.281653 -870.609883 0.282585
4s -3344.880830 0.283753 -1230.995225 0.284357 -870.676477 0.285596
13s -3344.871964 0.282312 -1230.986249 0.282971 -870.669742 0.284412
14s -3344.891101 0.283410 -1231.005052 0.283945 -870.690860 0.285405
15s -3344.869593 0.281888 -1230.983696 0.282444 -870.667457 0.283625
5s -3344.931892 0.283802 -1231.047540 0.284454 -870.737819 0.286163
Tab. B.9. Energy values and ZPVE for the optimized molecular and transition state structures for
the rearrangement of CHO-, CMeO-, CO2Et- and NO2- substituted singlet carbene 9s
at B3LYP-D3/TZVP level of theory. All units are given in Hartree.
B3LYP-D3/TZVP
−CHO −CMeO −CO2Et −NO2
species E ZPV E E ZPV E E ZPV E E ZPV E
9s - - -924.045768 0.329197 - - -975.916587 0.294552
2s - - - - - - -975.916317 0.294388
3s -884.850121 0.304435 -924.155451 0.331718 -1038.688744 0.365432 -976.021842 0.296998
11s -884.731161 0.300976 -924.040818 0.329300 -1038.573506 0.362971 -975.909992 0.294696
12s -884.730413 0.301304 -924.031604 0.329769 -1038.568409 0.362699 -975.896652 0.294434
4s -884.755392 0.302940 -924.062467 0.331039 -1038.598974 0.364513 -975.928412 0.296035
13s -884.741510 0.301460 -924.051570 0.329487 -1038.586296 0.362827 -975.919576 0.294609
14s -884.757771 0.302571 -924.068870 0.330376 -1038.603184 0.364036 -975.941627 0.295717
15s -884.749395 0.302097 -924.055344 0.330068 -1038.592191 0.363618 -975.927616 0.295011
5s -884.806017 0.303515 -924.115771 0.331339 -1038.650777 0.364945 -975.984610 0.296390
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Search for evidence – Understanding reactivity and
ambident behavior of barbiturate anions
The electrophilicity parameters E are given for the experimentally studied cationic and
neutral reference electrophiles in Table C.1 and Table C.2. The obtained data from primarily
performed quantum chemical calculations is summarized in the following. The energy values
and the zero-point vibrational energy (ZPVE) of BP86-D3 optimized structures, as well as
the single-point energy values for the stationary points are given in Hartree in Table C.3–C.9.
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Tab. C.1. The electrophilicity parameters (E) by Mayr and the absorbance maxima are given for
the experimentally used cationic reference electrophiles.[142] Electrophiles which were
used solely for product studies are denoted by a).
cationic electrophiles E λmax[nm]
R1
R1
1 a: R1= +3.63 a)
b: R1=
N
−7.02 a)
c: R1=
N
−7.69 620
d: R1=
N
−8.22 618
e: R1=
N
−8.76 627
f : R1=
N
−9.45 635
g: R1=
N
−10.04 630
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Tab. C.2. The electrophilicity parameters (E) by Mayr and the absorbance maxima are given for
the experimentally used Michael -acceptor reference electrophiles.[173–177] Electrophiles
which were used solely for product studies are denoted by a).
Michael -acceptors electrophiles E λmax[nm]
R2 O
O
O
O 2 a: R2= H −9.15 325
b: R2= OMe −10.28 366
R2 O
O 3 b: R2= OMe −11.32 388
R2 N
N
O
O
O
4 a: R2= H - a)
b: R2= OMe - a)
c: R2= NMe2 −12.76 480
R2
CN
CN
5 a: R2= H −9.42 311
b: R2= OMe −10.80 354
c: R2= NMe2 −13.30 441
R2 O
R3
R3
6 b: R2= OMe −12.18 422
R3= Ph
c: R2= NMe2 −13.39 533
R3= Ph
d: R2= Me −15.83 371
R3=
tBu
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Tab. C.3. Energy values and ZPVE for the optimized molecular and transition state structures for
the alkylation of B andMB with 1a, 2a-b and 4c at BP86-D3/TZVP/COSMO (ε = 48)
level of theory (4th and 5th column). Single-point energies for PBE0-D3, PW6B95-D3,
TPSS-D3 and TPSSH-D3 with def2-TZVPP basis and COSMO with ε = 48 (6th to 9th
column). All units are given in Hartree.
BP86-D3 PBE0-D3 PW6B95-D3 TPSS-D3 TPSSH-D3
nucleophile electrophile species E ZPV E E
B 1 a O-Ed -1070.567539 0.324109 -1069.287255 -1071.867653 -1070.714757 -1070.589302
O-TS -1070.565658 0.324422 -1069.287790 -1071.866561 -1070.713706 -1070.589048
O-Pr -1070.582001 0.326289 -1069.319256 -1071.895006 -1070.733294 -1070.612749
C-Pr -1070.605312 0.326972 -1069.339527 -1071.913838 -1070.750028 -1070.630130
MB 1 a O-Ed -1149.211169 0.378232 -1147.827504 -1150.608666 -1149.374671 -1149.241351
O-TS -1149.208917 0.378596 -1147.830211 -1150.608275 -1149.374326 -1149.242458
O-Pr -1149.222768 0.380354 -1147.859272 -1150.634700 -1149.392156 -1149.264175
C-Pr -1149.250028 0.381165 -1147.881991 -1150.656736 -1149.411911 -1149.284437
B 2 a C-Ed -1293.769931 0.296532 -1292.260880 -1295.277355 -1293.912799 -1293.756741
C-TS -1293.766511 0.296954 -1292.257098 -1295.269625 -1293.907449 -1293.751522
C-Pr -1293.779791 0.299032 -1292.279188 -1295.288764 -1293.919691 -1293.767028
H-TS -1293.721219 0.292090 -1292.216948 -1295.224343 -1293.859080 -1293.703983
H-Pr -1293.778470 0.298585 -1292.279251 -1295.287495 -1293.919628 -1293.766877
O-Ed -1293.765883 0.296359 -1292.258777 -1295.275118 -1293.909349 -1293.753699
O-TS -1293.751234 0.296577 -1292.246768 -1295.259750 -1293.896492 -1293.741279
O-Pr -1293.758286 0.298195 -1292.261003 -1295.273344 -1293.904402 -1293.751360
MB 2 a C-Ed -1372.412997 0.350916 -1370.801103 -1374.016324 -1372.572237 -1372.408476
C-TS -1372.411344 0.351188 -1370.798922 -1374.012050 -1372.569019 -1372.405339
C-Pr -1372.424587 0.353270 -1370.821737 -1374.033655 -1372.580985 -1372.421008
H-TS -1372.360509 0.345889 -1370.755187 -1373.962267 -1372.516275 -1372.353673
H-Pr -1372.416882 0.352464 -1370.816416 -1374.024204 -1372.575692 -1372.415423
O-Ed -1372.409214 0.350514 -1370.799898 -1374.017121 -1372.569239 -1372.406095
O-TS -1372.393887 0.350575 -1370.787164 -1374.001224 -1372.556041 -1372.393386
O-Pr -1372.399723 0.352484 -1370.800541 -1374.012920 -1372.563087 -1372.402509
b C-Ed -1486.996843 0.382126 -1485.254759 -1488.727786 -1487.169400 -1486.992029
C-TS -1486.993176 0.382583 -1485.250865 -1488.721300 -1487.163579 -1486.986527
C-Pr -1487.003846 0.384441 -1485.270578 -1488.740066 -1487.173283 -1486.999720
H-TS -1486.939919 0.377095 -1485.204350 -1488.669329 -1487.108879 -1486.932724
H-Pr -1486.996546 0.383707 -1485.265818 -1488.731370 -1487.168650 -1486.994759
O-Ed -1486.992905 0.381931 -1485.253297 -1488.727938 -1487.166276 -1486.989429
O-TS -1486.973478 0.382091 -1485.237466 -1488.707852 -1487.149529 -1486.973179
O-Pr -1486.979438 0.383727 -1485.249790 -1488.719821 -1487.155912 -1486.981716
MB 4 c C-Ed -1540.775593 0.428880 -1538.955039 -1542.586909 -1540.959259 -1540.776535
C-TS -1540.764532 0.429312 -1538.945556 -1542.571868 -1540.946650 -1540.764512
C-Pr -1540.776447 0.431072 -1538.965024 -1542.591948 -1540.957396 -1540.778381
H-TS -1540.712505 0.423988 -1538.899629 -1542.520899 -1540.893730 -1540.712197
H-Pr -1540.772050 0.431129 -1538.955056 -1542.579646 -1540.947567 -1540.768407
O-Ed -1540.775422 0.429089 -1538.956255 -1542.587992 -1540.959592 -1540.777119
O-TS -1540.746517 0.428813 -1538.934511 -1542.561737 -1540.935023 -1540.753731
O-Pr -1540.749951 0.430270 -1538.943604 -1542.570154 -1540.939200 -1540.759652
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Tab. C.4. Energy values and ZPVE for the optimized molecular and transition state structures for
the alkylation of B and MB with 5a-c at BP86-D3/TZVP/COSMO (ε = 48) level of
theory (4th and 5th column). Single-point energies for PBE0-D3, PW6B95-D3, TPSS-D3
and TPSSH-D3 with def2-TZVPP basis and COSMO with ε = 48 (6th to 9th column).
All units are given in Hartree.
BP86-D3 PBE0-D3 PW6B95-D3 TPSS-D3 TPSSH-D3
nucleophile electrophile species E ZPV E E
B 5 a C-Ed -984.220143 0.204971 -983.049096 -985.395185 -984.338564 -984.214613
C-TS -984.215038 0.205570 -983.044343 -985.385780 -984.331225 -984.207536
C-Pr -984.221360 0.207612 -983.057974 -985.396923 -984.336465 -984.215490
H-TS -984.175818 0.201444 -983.009727 -985.346576 -984.288811 -984.166165
H-Pr -984.231260 0.206997 -983.072004 -985.411485 -984.347869 -984.228198
O-Ed -984.216137 0.204641 -983.045671 -985.391383 -984.335153 -984.211208
O-TS -984.199973 0.205024 -983.034005 -985.376329 -984.321294 -984.197925
O-Pr -984.201634 0.206493 -983.041357 -985.382185 -984.323123 -984.201686
MB 5 a C-Ed -1062.863156 0.259175 -1061.589673 -1064.135391 -1062.998247 -1062.866622
C-TS -1062.859236 0.259705 -1061.586339 -1064.127724 -1062.992401 -1062.861125
C-Pr -1062.865497 0.261725 -1061.600310 -1064.139045 -1062.997841 -1062.869377
H-TS -1062.816162 0.255240 -1061.549252 -1064.085839 -1062.947184 -1062.817103
H-Pr -1062.869836 0.260797 -1061.609561 -1064.148673 -1063.004328 -1062.877134
O-Ed -1062.858579 0.258831 -1061.586858 -1064.133679 -1062.994643 -1062.863392
O-TS -1062.839650 0.259365 -1061.573237 -1064.114587 -1062.978367 -1062.847915
O-Pr -1062.841837 0.260626 -1061.580914 -1064.121297 -1062.981406 -1062.852577
b C-Ed -1177.447213 0.290521 -1176.043466 -1178.847443 -1177.595496 -1177.450268
C-TS -1177.440411 0.291188 -1176.037495 -1178.836271 -1177.586444 -1177.441719
C-Pr -1177.445880 0.293098 -1176.050128 -1178.846612 -1177.591241 -1177.449142
H-TS -1177.392256 0.286812 -1175.995040 -1178.789285 -1177.536721 -1177.392946
H-Pr -1177.449941 0.292053 -1176.059297 -1178.856015 -1177.597535 -1177.456742
O-Ed -1177.446312 0.290750 -1176.042941 -1178.847304 -1177.594611 -1177.449452
O-TS -1177.420301 0.290817 -1176.023724 -1178.822566 -1177.571918 -1177.428009
O-Pr -1177.421858 0.291696 -1176.030448 -1178.828562 -1177.574608 -1177.432117
c C-Ed -1196.902856 0.330141 -1195.465246 -1198.335693 -1197.056900 -1196.911407
C-TS -1196.891575 0.330677 -1195.455939 -1198.320156 -1197.043744 -1196.899043
C-Pr -1196.895693 0.332399 -1195.466642 -1198.328898 -1197.047308 -1196.905042
H-TS -1196.841679 0.326255 -1195.411426 -1198.271103 -1196.992552 -1196.848644
H-Pr -1196.899242 0.331406 -1195.475574 -1198.337757 -1197.053284 -1196.912348
O-Ed -1196.903358 0.330102 -1195.466607 -1198.336739 -1197.057952 -1196.912569
O-TS -1196.870127 0.329812 -1195.440594 -1198.305500 -1197.029233 -1196.884815
O-Pr -1196.871680 0.331162 -1195.447072 -1198.310745 -1197.030850 -1196.888168
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Tab. C.5. Energy values and ZPVE for the optimized molecular and transition state structures for
the alkylation of B and MB with 6b-c at BP86-D3/TZVP/COSMO (ε = 48) level of
theory (4th and 5th column). Single-point energies for PBE0-D3, PW6B95-D3, TPSS-D3
and TPSSH-D3 with def2-TZVPP basis and COSMO with ε = 48 (6th to 9th column).
All units are given in Hartree.
BP86-D3 PBE0-D3 PW6B95-D3 TPSS-D3 TPSSH-D3
nucleophile electrophile species E ZPV E E
B 6 b C-Ed -1643.608878 0.450885 -1641.654590 -1645.619237 -1643.833763 -1643.641261
C-TS -1643.599221 0.451152 -1641.643990 -1645.603538 -1643.821439 -1643.628942
C-Pr -1643.610791 0.453107 -1641.665364 -1645.622891 -1643.831696 -1643.643023
H-TS - - - - - -
H-Pr -1643.625366 0.453377 -1641.686846 -1645.644338 -1643.848611 -1643.661292
O-Ed -1643.608967 0.450933 -1641.654148 -1645.619175 -1643.833431 -1643.640896
O-TS -1643.583697 0.450689 -1641.633905 -1645.593343 -1643.809405 -1643.618158
O-Pr -1643.586197 0.452041 -1641.645069 -1645.604416 -1643.814997 -1643.625695
MB 6 b C-Ed -1722.251075 0.505278 -1720.194496 -1724.359183 -1722.492494 -1722.292536
C-TS -1722.245230 0.505633 -1720.187046 -1724.347095 -1722.483973 -1722.283815
C-Pr -1722.257334 0.507549 -1720.209184 -1724.366976 -1722.494703 -1722.298438
H-TS - - - - - -
H-Pr -1722.263023 0.507049 -1720.223288 -1724.380617 -1722.503942 -1722.309102
O-Ed -1722.249866 0.505245 -1720.193255 -1724.357762 -1722.491696 -1722.291542
O-TS -1722.229630 0.505175 -1720.176977 -1724.336912 -1722.472128 -1722.273094
O-Pr -1722.230358 0.506327 -1720.182126 -1724.341290 -1722.473017 -1722.275545
c C-Ed -1741.706315 0.544763 -1739.616076 -1743.846256 -1741.954278 -1741.753814
C-TS -1741.696032 0.544767 -1739.605634 -1743.830866 -1741.941072 -1741.741016
C-Pr -1741.706638 0.546989 -1739.625313 -1743.848537 -1741.950286 -1741.753897
H-TS - - - - - -
H-Pr -1741.711377 0.546533 -1739.638385 -1743.861260 -1741.958320 -1741.763378
O-Ed -1741.705740 0.544489 -1739.614951 -1743.844507 -1741.953376 -1741.752730
O-TS -1741.679853 0.544653 -1739.595216 -1743.820541 -1741.928868 -1741.730047
O-Pr -1741.680048 0.545555 -1739.598341 -1743.823131 -1741.929152 -1741.731383
Tab. C.6. Energy values and ZPVE for the optimized molecular and transition state structures for
proton transfer reactions and tautomerism of C-MB2a at BP86-D3/TZVP/COSMO
(ε = 48) level of theory (2nd and 3rd column). Single-point energies for PBE0-D3,
PW6B95-D3, TPSS-D3 and TPSSH-D3 with def2-TZVPP basis and COSMO with
ε = 48 (4th to 7th column). All units are given in Hartree.
BP86-D3 PBE0-D3 PW6B95-D3 TPSS-D3 TPSSH-D3
species E ZPV E E
C-MB2a -1372.424587 0.353270 -1370.821737 -1374.033655 -1372.580985 -1372.421008
C-MB2a-TS-MB2a-H -1372.360509 0.345889 -1370.755187 -1373.962267 -1372.516275 -1372.353673
MB2a-H -1372.416882 0.352464 -1370.816416 -1374.024204 -1372.575692 -1372.415423
MB2a-H-TS-MB2a-3 -1372.407259 0.348008 -1370.804399 -1374.010068 -1372.562497 -1372.401287
MB2a-3 -1372.413163 0.352104 -1370.813995 -1374.021513 -1372.570499 -1372.410408
MB2a-3-TS-MB2a-2 -1372.403832 0.351863 -1370.805944 -1374.016446 -1372.562775 -1372.402882
MB2a-2 -1372.412235 0.351915 -1370.813380 -1374.022375 -1372.570304 -1372.410182
MB2a-2-TS-MB2a-1 -1372.399524 0.352239 -1370.801389 -1374.011323 -1372.558118 -1372.398208
MB2a-1 -1372.408553 0.351800 -1370.810011 -1374.018033 -1372.566266 -1372.406295
MB2a-1-TS-C-MB2a -1372.405550 0.347989 -1370.803620 -1374.009981 -1372.561258 -1372.400247
MB2a-4 -1372.424540 0.351780 -1370.825623 -1374.032586 -1372.581657 -1372.421744
C-MB2a-TS-MB2a-3 -1372.330309 0.346359 -1370.720859 -1373.928482 -1372.484255 -1372.320737
MB2a-H-TS-MB2a-1 -1372.323961 0.346353 -1370.716185 -1373.925038 -1372.479568 -1372.316015
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Tab. C.7. Energy values and ZPVE for the optimized molecular and transition state structures for
proton transfer reactions and tautomerism of C-MB5a at BP86-D3/TZVP/COSMO
(ε = 48) level of theory (2nd and 3rd column). Single-point energies for PBE0-D3,
PW6B95-D3, TPSS-D3 and TPSSH-D3 with def2-TZVPP basis and COSMO with
ε = 48 (4th to 7th column). All units are given in Hartree.
BP86-D3 PBE0-D3 PW6B95-D3 TPSS-D3 TPSSH-D3
species E ZPV E E
C-MB5a -1062.865497 0.261725 -1061.600310 -1064.139045 -1062.997841 -1062.869377
C-MB5a-TS-MB5a-H -1062.816162 0.255240 -1061.549252 -1064.085839 -1062.947184 -1062.817103
MB5a-H -1062.869836 0.260797 -1061.609561 -1064.148673 -1063.004328 -1062.877134
MB5a-H-TS-MB5a-3 -1062.857903 0.256847 -1061.595124 -1064.129943 -1062.989412 -1062.860847
MB5a-3 -1062.858608 0.260141 -1061.597531 -1064.133208 -1062.991225 -1062.863190
MB5a-3-TS-MB5a-1 -1062.834378 0.256763 -1061.568718 -1064.103844 -1062.965226 -1062.835615
MB5a-1 -1062.849928 0.260145 -1061.586944 -1064.125233 -1062.983059 -1062.854158
MB5a-1-TS-C-MB5a -1062.808455 0.255464 -1061.539139 -1064.073440 -1062.938525 -1062.807343
C-MB5a-TS-MB5a-2 -1062.766770 0.255351 -1061.495351 -1064.031870 -1062.896716 -1062.764945
MB5a-2 -1062.852275 0.261387 -1061.592470 -1064.129584 -1062.985828 -1062.858155
Tab. C.8. Energy values and ZPVE for the optimized molecular and transition state structures for
the alkylation of MB with 5a and the subsequent proton transfer considering microsol-
vation with DMSO at BP86-D3/TZVP/COSMO (ε = 48) level of theory (2nd and 3rd
column). Single-point energies for PBE0-D3, PW6B95-D3, TPSS-D3 and TPSSH-D3
with def2-TZVPP basis and COSMO with ε = 48 (4th to 7th column). All units are
given in Hartree.
BP86-D3 PBE0-D3 PW6B95-D3 TPSS-D3 TPSSH-D3
species E ZPV E E
MB + 5a (Ed) -1616.212644 0.337414 -1614.583053 -1617.948051 -1616.361310 -1616.204973
O-TS -1616.190710 0.337826 -1614.566458 -1617.928263 -1616.342418 -1616.186794
O-MB5a (O-Pr) -1616.192750 0.339620 -1614.573800 -1617.935202 -1616.344258 -1616.190709
C-TS -1616.205825 0.338118 -1614.575817 -1617.937112 -1616.352659 -1616.196225
C-MB5a (C-Pr) -1616.212778 0.340020 -1614.590832 -1617.948921 -1616.358515 -1616.205082
H-TS -1616.166218 0.332762 -1614.540750 -1617.897991 -1616.309458 -1616.154248
MB5a-H (H-Pr) -1616.218384 0.338935 -1614.598981 -1617.958726 -1616.364785 -1616.212448
C-MB5a-TS-H-DMSO -1616.196625 0.334581 -1614.570530 -1617.925376 -1616.334989 -1616.181441
[H-DMSO]⊕ -1616.196752 0.337935 -1614.571833 -1617.928964 -1616.336025 -1616.183047
H-DMSO-TS-MB5a-H -1616.195098 0.337935 -1614.570493 -1617.928430 -1616.334681 -1616.181816
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Tab. C.9. Energy values and ZPVE for four different model systems ( 1©- 4©) for the alkylation
of barbiturate anion B with [OMe3][BF4] at C- or O-atom considering the counter
cation ([NEt4]⊕) and the microsolvation by DCM. The energies (in Hartree) are given
for BP86-D3/TZVP/COSMO with εDCM = 8.93 (3rd and 4th column) and for PBE0-
D3, PW6B95-D3, TPSS-D3 and TPSSH-D3 with def2-TZVPP basis and COSMO with
εDCM = 8.93 (5th to 8th column).
BP86-D3 PBE0-D3 PW6B95-D3 TPSS-D3 TPSSH-D3
model system species E ZPV E E
B + [OMe3][BF4] C-Ed -1109.515814 0.210640 -1108.301137 -1110.750376 -1109.613412 -1109.490605
1© C-TS -1109.498686 0.208808 -1108.278643 -1110.724445 -1109.597564 -1109.472142
C-Pr -1109.570266 0.209137 -1108.361389 -1110.804818 -1109.665446 -1109.544072
O-Ed -1109.515831 0.210618 -1108.301160 -1110.750344 -1109.613426 -1109.490620
O-TS -1109.497243 0.208804 -1108.278043 -1110.724754 -1109.597783 -1109.472365
O-Pr -1109.536579 0.208805 -1108.329769 -1110.776564 -1109.638572 -1109.516417
B + [OMe3][BF4] C-Ed -2069.365173 0.239838 -2067.705004 -2071.261759 -2069.418788 -2069.279839
+ DCM C-TS -2069.355992 0.238350 -2067.688249 -2071.244045 -2069.408622 -2069.267017
2© C-Pr -2069.420021 0.238665 -2067.765014 -2071.319390 -2069.471214 -2069.333615
O-Ed -2069.363040 0.239857 -2067.702572 -2071.260868 -2069.416502 -2069.277503
O-TS -2069.351752 0.238071 -2067.684200 -2071.240419 -2069.406087 -2069.264232
O-Pr -2069.396590 0.238557 -2067.741307 -2071.297830 -2069.451546 -2069.313238
B + [NEt4]
⊕ C-Ed -1481.192263 0.482726 -1479.510233 -1482.880818 -1481.355324 -1481.200271
+ [OMe3][BF4] C-TS -1481.176010 0.480642 -1479.487633 -1482.858038 -1481.340026 -1481.182258
3© C-Pr -1481.240331 0.481287 -1479.564336 -1482.933827 -1481.402275 -1481.248580
O-Ed -1481.189602 0.482627 -1479.507559 -1482.879906 -1481.353365 -1481.198284
O-TS -1481.179119 0.481244 -1479.490058 -1482.861771 -1481.343227 -1481.185495
O-Pr -1481.216256 0.481422 -1479.539924 -1482.910020 -1481.381765 -1481.227408
B + [NEt4]
⊕ C-Ed -2441.046932 0.512129 -2438.917202 -2443.399167 -2441.164508 -2440.993277
+ [OMe3][BF4] C-TS -2441.030821 0.510121 -2438.894058 -2443.373801 -2441.148058 -2440.974077
+ DCM C-Pr -2441.096167 0.510583 -2438.971668 -2443.448722 -2441.211799 -2441.041742
4© O-Ed -2441.048990 0.512499 -2438.919660 -2443.399869 -2441.166950 -2440.995705
O-TS -2441.037762 0.511333 -2438.901394 -2443.382100 -2441.156189 -2440.982262
O-Pr -2441.073288 0.511043 -2438.949951 -2443.427500 -2441.193322 -2441.022781
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